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DEPARTMENT OF ELECTRICAL ENGINEERING AND COMPUTER SCIENCE

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, M ASSACHUSETTS 021359 -

July 30, 1980

Dear OFF-AXIS Program Users:

The OFF-AXIS program is a coded model of laser beam
propagation through single scatter atmospheres. The pro-
gram was developed at Hughes Aircraft for the National
Security Agency. At MIT the program was modified and
expanded to include performance analysis of off-axis
digital communication receivers.

The performance analysis added at MIT takes the form
of upper and lower bounds or the probability of bit error.
These calculations occur irn a Mode 6, parallel to Modes
1-5 in the terrestrial link anralysis. The modifications
to the original program are mainly the inclusion of
additional input parameters necessary for performance
analysis and the transfer of control to the new Mode 6.
The major work of the study is contained in two sub-
routines, ERROR and APLRTR.

Secticn I of this document contains the original pro-
gram documentation written at Hughes. Modifications and
additions made at MIT are ncted. Section II contains a
sample run of the program. Section III is a listing of
the modified program as run on MIT's Multics system.
Changes from the original Hughes code are highlighted with
comments.

Section IV is a user's manual for the subroutin
ERROR. This is the subroutine that calculates the bounds
on the probability of error. The background for these
calculations is presented in my thesis, "Performance cof
Off-axis Optical Communication Receivers in Scattering

continued:
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Atmospheres"” (MIT MS thesis 1980).

Section V contains documentation for the subroutine
APERTR. This subroutine calculates if there is enough
aperature averaging to ignore the effects of turbulence
induced fading in the clear atmosphere betweeen the
scattering volume and the off-axis receiver. Such fading

v If would degrade the performance of an off-axis receiver. .
t\‘ﬁ If at a later date there are questions, feel free to
S contact me at my new location: .

% Bell Laboratories, Blg WB

Crawford Corners Road

o

Holmdel, N.J. 07733
, E Sincerely,
) :‘ . . \ ) .
% )\ s \\. VAL TLe - BN N ':\\‘ ..

William Jaeger
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Though it does not effect program operation, sriNUUENIREIUENNEN

The noise (variance) of the outpu
due to dark current events is

2nA 2
Ny = Thc Pal96) FER

The dark power, Pd' is the average power that if applied to an ideal
detector would give rise to the average (DC) dark current, id.

nA idhc
P Pd(qG) and Py = YCA)

Thus the correct expression for Nd (equation 2-9) is
N, = ZiquFBRL

and the correct expression of NEP (equation 2-12) is

NEP = (hc/nkq)[ZqidF + 41:T/GZRLII/2

Due to fundamental differences in the underlying statistics,

the dark current, i., and the noise egquivalent

nput noise parameters; 4

power due to thermal noise alone, P

+harm’
P - [ﬁ.‘i!] 12
therm ni(Gq) RL'
. 2 _ 2 1/2
P perm = (NEP (he/Aq) “(2q1 F/G) ]
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The noise equivalent power due to thermal noise is related to the spectral
density of the thermal noise, No/z,

No/2 = ZkT/RL

P - he 252 172
therm nAGq 2

2
= , M
NO/Z 172 [ he P he ]

W
e )

P2

2
(2hC/nA)FB(Ps+Pb+Pd) + (NEP) B

S.
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where bd is again a fictitous power that gives rise to the dark current

hc:.d

Pd = nigG
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(U) Attempts at establishing realistic error bounds on the data reviewed were

aggravated by the fact that there was in many instances inadequate data to establish
a meaningful standard deviation. A sensitivity analysis has instead heen suggested
wherein the computer program is used to establish the significance of extreme var-

iations to parametric values in those cases where reasonable bounds are difficult to
predict.
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Section 2 — Data-Base Review and Model Formulation
Subsection B — Scenario Characterization

1. CHARACTERIZING AN OPTICAL COMMUNICATIONS LINK

The ECKSTROM computer program has been designed to model the vulnerability of speci-
fic optical links. This discussion outlines those parameters which must be considered to de-
scribe the overall system and site to be modeled.

it

(€). In order to establish the vulnerability of an open-beam, optical communic:-tions ?
link to deteztion. , the basic characteristics of
the link design, cZ its geometry, and of its environment must be specified. These
basic characteristics are illustrated in Figure 2-1 where a transmitter, receiver, 2
and link surroundings are depicted in an arbitrary scenario. .

(U) Basic transmitter parameters which must be specified are the operational op~
tical wavelength ), the peak optical output power P, at the transmitter exit aperture,
the diameter of the exit aperture Dy, the angular spread of the optical beam ¢¢, and
the modulation format employed. If the system is diffraction limited, the beamspread
can be specified in terms of the wavelength and exit aperture diameter, but this is

not usually the case. However, the diffraction limit does set a lower limit to beam- ]
width., Receiver parameters of interest include the entrance aperture diameter Dy, :
the detector field of view ¢, and whether direct or heterodyne detection is emr.loyed.
These parameters, however, are of only secondary importance.

The system modul~tion format is quite significant wher
considered. The optical source may be either continuous wave (CW) or pulsed, and
either analog, pulse, or digital modulation may be used. Moreover, the carrier may
be modulated in amplitude (or intensity), frequency, phase, or polarization, or one of
a number of pulse modulation formats (such as pulse position modulation) mzay be
employed, Pratt [2-1] considers an extensive list of possible modulation formats.
(U) Because of the wide diversity of possible formats, we will initially restrict at-
tention to three basic types. This number can be extended in the future as found
necessary. The three types include CW intensity modulation, pulse-code internsity
modulation, and CW frequency modulation (requiring heterodyne detection). Fcr both
CW and pulse systems the link's information bandwidth B and the depth of mod'tation
M must be specified, and for pulse systems the pulse duration T must be spec'fied.
(U) Two important aspects of a system not to be found on vendor data sheets are
the optical quality of the transmitter optics and the reflection characteristics of the
receiver. These factors are considered in detail in subsequent discussions of the
link scattering and reflection modeis.

(T) Geometrical aspects of the link include the range Z of the link and the respec-
tive heights above ground level of the transmitter and receiver, b and hy. The
heights are significant because of the variation in atmospheric scattering and ab~
sorption coefficients with altitude and the variation of turbulence effects with altitude.
Atmospheric turbulence causes spreading of the transmitted beam.

Site characteristics include local meteorological conditions and physical ~har-
acteristics of the link environment. Weather conditions will effect changes in itmos-
pberic scattering, absorption, and turbulent beam spreading. Temperature, —eclative
humidity, atmospheric pressure, and visibility are weather condition descriy.ors,
but it has been found that such parameters are difficuit to functionally relate to the
significant effects. General meteorological descriptors as documented by the Air
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Force Geophysics Laboratories (AFGL) have been found to be more appropriate.
Important physical characteristics identified include the presence of window panes
in front of either the transmitter or receiver, or both, the presence of trees or
foliage along the beam path, and the nature and orientation of the backstop at the re-
ceiver. The backstop is a primary source of scattering, and window panes or foliage
will act as secondary but perhaps significant sources of scatter. The ground itself
may also be a significant source of reflection.
(U) Models for each of these effects are considered in the scattering analyses to
follow,

BASIC TRANSMITTER SARAMETERS
WAVELENGTH A
PEAK POWER P,
EXIT APERTURE DIAMETER Oy
OPTICAL BEAMWIDTH &
MODULATION TYPE

BASIC RECEIVER PARAMETERS

CINK AANGE Z ENTRANCE APERTURE DIAMETER O,

rf. ' . \ semoDuLATION TYPE
s . ODEMODULATION TV
1™ - ﬂ‘;(‘ - l \\ s

WL Al e

L: L / f‘il

n r - ‘ T2
(I , o3

SITE CHARACTERISTICS

WEATHER CONDITIONS
OBJECTS IN FPATH

RECEIVER
MEIGHT n,

B

Figure 2-1. (U) A Depiction of the Basic Characteristics of an Open-Beam Optical Communications
link (U)
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Section 2 — Data-Base Review and Model Formulation
Subsection B — Scenario Characterization

. This discussion provides a general overview of the basic parameters which must
be specified in order to properly characterize a ‘er., A more ex-
tensive receiver investigation is presented in Section 5, includi.ng the fundamental con-
sideration of detector sensitivity, not discussed here.

-~ There are numerous tradeoffs necessary in determining an optimum
receiver design. However, most of them are unimportant with regard to computer
modeling except insofar as they may complicate the surveillance problem., For ex-
ample, whether optical components are refractive or reflective is unimportant in this
regard, For computer modeling, the receiver used for off-axis detection is therefore
specified only in terms of its pertinent system design parameters and its geometrical
relation with respect to the link. Significant parameters are diagrammed in Figure
2-2 assuming a simple refractive system.

.~ The area Ag of the °  raperture, assumed circular, must be
specified, From the " -int of view this area should be maximized, but
it is limited by practical consideranons such as cost, weight, transportability, and

. Another design parameter of importance is the system

solid angular field of view Qg. s is given by

Qg = ats/f2 (2-1)
where ag is the area of the system's optical detector, assumed rectangular, of linear
dimensions dgh and dgy, and f is the effective system focal length. The focal length
is in turn related to the system aperture diameter Dg and focal ratio, or f-number
(f#, by

f = Ds f# (2-2)
Since there are practical limitations on the size of detectors and system f-aumbers,
it is best to specify ag and f#, and to then specify Qs in terms of them. Characteris-
tic detector sizes are given in Section 5. A minimum f-number of unity is realistic,
but values much lower than unity are very difficult to attain. Hence, from (2-2) and
(2-3)
Qs = 2/ @M. (2-3)

Use of (2-3) will avoid the user's specifying an unrealistic threat in the model. The

heterodyne-detection system. For a general discussion of optical heterodyne

2-6
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SectHon 2 - Data~Base Review and Modei Formuladon 3
Subsecdon B =~ Scemario Characterizarion

b~ () Geometrical aspects of importance Telating an optical link and 2 searby

2 recsiver are shown in Figure 2-3. The location of the .ofS—uxis reesr~~ s

S specified with respec: to the Tansmitter and link axis in terms of zq and X4, Its
location may alternarively be specified in terms of 9¢, 54+ Re; OF Ry, deflned as

shown., The __ teceiver (s always assumed o be pointed in a dirscticn which

intercepts the link axis, the orientation being stecified by either 5, the angie of imter-

cept, OF Z4. Rlisthed!stancsﬁromtheazialpoim of intercept and the surveillance

receiver,

@/ The linear receiver field of view shown, ? g5, i3 given by

Pan * dgp/t (2=4)

. A «ZQL-.A--.A.,:QA E RIS

This is the feld of view 2iong the axis, usually horizontal (). The linear feld of
view perpendicular to the link axis i3

~

usually vertical (). The fleid of view 4}, however, establishes what portion of the
beam is undar surveillance. By rotating the receiver, that is, varying

: 61, the transmitter, link path, and receiver may in tura be manitored. U 25y is swi-

1 ficiently large, then all three socurces of scattered radiation may simultaneousiy be

- monitored, a case which can be analyzed.
re-; Because of the variation of atmospheric effects with aliitude, the
receiver's aititude is also important, Such a variaticn is allowed in the program, ‘he
geometry of which is described in Secon 3,
v~ Although the use of a large fleld of view 95; may allow more scattersd enery’
to be collected, dispersion effects may lead to limitations if message intarcept is
attampted. The dspersion affacts result because of the reiative size of the
receiver feld of view., For exampie, two photons emitted simultanecusly from the
transmittsr may be scattered from the two Points A and B of Figure 2-3 into the re=-
ceiver. The difference in the two path lengths results in a difference in the time of
arzival of the two photons. The response of the receiver will therefore be degraded.
Pulses will be spread in #me and CW modulated scurces distortad. The amount of
distortion is determined by convoiving the resuiting point spread funetion with the
actual signal., It is aot clear at what point the waveform is degraded beyond recog- ‘
nition, but distorticn is clearly more severe for wider-band signals., I is particulariy 4
severe {n the very wide-band, space-to-gTound scenario, {n which case the two points 1
A and B may be very far apart. No provision is made in the computer program i»
highlight this limitation, aad “he user must consequently be aware that the limitaica %’

exists,

!
!
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; Section 2 = Data-Base Review and Model For=ulation
oo Subsection C -~ Modeling the Detection Process
)

l‘

SIGNAL~TO=-NCQISE RATIO USING DIRECT DETECTICN

) A signal-to-acise relationship {3 developed in terms of detecton system NEZ?, with vuri-
ables to account for the efects of moduiation.

() Given an optical detectnr, (ts sensitivity must be establisihed (o terms of the
signal power available and the zpise power present. This discussion outlines the
equations and azssociated parameters being used for calculating the ratlo of signal plus
noise to ooise ((S + N)/N) for direct-detacdon receivers. The approach presented is
in substantial agreement with those of Anderson and McMuzrwy ([ 2-3], Prast {2-1], and
Meichior, Flsher, and Arams [2-i].

(T) The signal power generated across a load resistor Ry at the output of an optical
detactor subsystem due to incident optical power P is given by

$ = (Gnarhe)’PR -

whers )\ {3 the wavelength of the optical signal, q {s the electronic charge, h i3 Planck's
constant, ¢ is the speed of light, 1 i3 the quantum efficiency of the phowdetectnr at the
speciflied waveleagth, and G is its gain, The term in parenthesis is simply the detector
responsivity, usually given in units of amperes per watt. The gain G s unity for many
paotodetactors of intérest, but it is included to account for the use of avalanche photo-
diodes or photoemigsive devices such as photomuliipliers.

(T) The averags soise power N associated with the photodetection process arises from
four basic sources. Thatis,

’ N'Ns"'}:b*'Nd'l'Nt' (2‘77

where Ng and Ny are signai-generated and background-generated shot (or generatico-
Tecombinadon) aoise components respectively, Ngq (3 detector dark-current shct noise,
and N, is thermal noise in the detsctor-greamplifier system. We emphasize inclusion
of preamplifier noise since in some instances a detection systam may be preampiifier-
noise limited, and acise caliculations must account for total system noise and 2ot only
those sources arising from the phoindetactor {tseif.

(T) The extarnaily incunced noise components Ns and Nb are given by

Ngp = 2G° ma’aho)p, FER, @8

where Py y refers o either signal power P, averaged over 2 period 1/B or backgriund
power Py; F ls an excess 2oise facwr accounting for acise induced by the mechamism
providing the gain G; and B is the electrical bandwidth of the detection systam. Tte
background power Py may arise fsom reflected or scariered solar radiation Som the
terrain, sky, clouds, or other background within the detecwor 2eld of view, or it may
arise from bhlackbody emissions of the 300 K surToundings, depending on he optical
waveiength. The excess-aoise factor F is umity for paotodetactors with unity gain.

2-10 UNCLASSIFIED
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() Intermal system ncise due to dark curreat iy is given by

2
N; = 2ol G°TBR,. (2-9)

Dark curvent is dus t© detector Hiasing in some {astances, and in some instances it
is caused by thermal radiadon incident on ths phowdetecor from detector enclosure
surfaces (usually minimized by cryogeaic cooling). Thermal (Johnson) noise is
given by

N, = 4kTB 2-10)

where k is Boltzmann's constant and T the effective detection-system temperature.

(U) In lieu of specifying detaction systam dark current, load resistance, and effective
temperature (preameplifier and load temperamire may differ from detector temperature)
it is more expedient {0 specify system intarnal noise characteristcs in terms of aoise-
equivaleat power (NEP), a measurable quantity frequently specified by veadors which
lumps the aoise chatacteristics of the detector-greamplifier combinaton into 2 singte
mmmber. The NEP is the cptical power necessary to provide a signal-to-interaal-goise
raiio of unity normalized 0 2 1 Bz bandwidth. That is,

1
s - Gnaahe)® (NER R,
¥ -1- > e (2-11)
Zqid G FR.L + 4kT
Solving for NEP,
NEP = (ac/ma)) [2qigF + M/G"a.d 2, (2-12)

(U) NE2 as itis sometimes specified may also account for backg:-ound poise., How-
ever, since background noise at visible and asear-infrared wavelengths is a2 variable
depending on Seld of view, time of day, tackground type, and other highly varying
conditions, such a parametar is impossible © generically specify. Consequently, the
NEP values used ir evaluating a system should be system parameters, assumed
measured with the detector apermTe covered; that is, without background. Such an
assumption leads to no difficuity except with regard to photoconductive detectors, whose
seasitivity is dependent upon the baciground leveli. Bowever, these detactors ars only
used at infrared waveiengths where the highly varying solar component is negligible.

: Another important agspect of the system NEP of (2-12) is its dependence on load i
resistance, another variable subject ™ design variations., However, for the 4
modes of intarest consideration can De restricted o two cases: for link detection the
lcad will be large, so that thermal aoise is small and dark current dominatas; and for d
signal demodulation and message . .\ small load is genenny required because b
of RC time - constant limitations or bandwidth, so that thermal noise will be dominant, 3
usually requiring a detector with high gain G o overcome it. These cases correspond 2
to the narrow-band and wide-band cases respectively, discussed in Section 3. X
‘) Uslog (2-6) - (2-10) and (2-12), an overall signal-to-aoise r2tio (SNR) can be y
specified {n the relatively simple form

2-11
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- (2-12°

(2ac/n3) FB (P, + By + (NEDY B

3
A 1)

ta ikl 2l

from which (S + N)/N can be specified, i.e.,

: N L

. = mspeciﬁcaﬁonofﬂmcuﬂ.mlpwerPtn(z-IS)depemsonwhethcrunkdetec

‘ tion or message ... - is 0 be examined, Tor Uni detaction of CW signals carrier- ;
N m—misemﬂnuthasigmlquanﬁtyoﬂmrest. and P corresponds (o the average opdcal |
L power during the period 1/B regazdless ~f the modulation type. Thus P = Pg, and a very -
, amwaandwiathcanbeasmedfcrm__-.._-: . e receiver, About 0.1 Hz is ]
technically feasible, though requiring approximataly 10 sec for integration. TFor puised ‘
systems Pg is g:f.venbythe product of the peak power and the pulse duty factor.

. Wheame: .- ..... .1s at:ampted the bandwidth must be widened, and tha
type of modnlation and the depth of modulation must be taken into account. To account
for these variables a modulation factor M is intToduced: lettizg P = MP,,

(2-14)

i i Y o

..;.\L-,_‘.‘f'Q‘ w L,

2. 2
?S.— M Po

b il
~oa

p— (2-15) )
(Ze/7)) FB (P, + Py + NEP) 4

1 This is the geperal form used in the computer model for drection detection.

) () Numerical values for M are dependent on the specific modulation formats con~
sidered, They have not yet been deternined ior all cases of interest. However,

1 Section 5 discusses several cases assuming quantumelimitad detection performance
(implying hetarodyne detecton, as dlscussed ia the zaxt topic).
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Section 2 ~ Data-Base Review and Model Formulation
SubsectHon C - Modeling the Detection Process

2. SIGNAL-TO-NCISE RATIO USING HETERODINZ DETECTION
(U) Betarodyne detection of an opdcal sigral can provide quantum-limited sensitivity.

(U) Coherent optical detection, or keterodyns detaction, dffers from direcs optical
detacHon in that a coherent lager reference beam {s provided at the receiver o il-
luminate the photodetectar as shown in Figure 2-4, so that sigral frequency and phase
information is retaized. Even if frequeacy or phase modularion is oot emploved, use
of a3 heterodyne receiver can greatly recuce the effective system roise level.

(T) Coansider a signal to be incident on the detecwor of power Ps = (ASAS') where Ag

is a coherent, complex waveiormgiven oy

A’ s Uexp Jut +]o). (2-19)

Efther the wave amplitnde U, the optical frequency w, or the phase ¢ may be the tizie-
varyiog sigual component dependirg on the moculation {ormat of the ransmittar,

The dme average indcated for Pg is over an optcal period which s skort in com-
parison o ths reciprocal of the agnﬂbandwidﬁzao Ui a referencs signal, or loczl

oscillator signal, P q of complex amplitnde
= T, expu,t +a,) (2-17

where P, = (A A, )Ismudwithﬂ:esigna.lbam so that the wavefTonts are par-
allel, the rssu.ltm: detector current {3 givea by

(mAke) (A +A) A, +A)™D =

2

(nqA/kc) [Plcz +2 2420 U cos(u t -t + 4, =0)] (2-18)

where we have assumed unity detector z2in. If 2 aarrow-band [F fIltey centered at
the frequency Aw *ug = w i3 inserted benind the detector o remove the ummodulated
signal elements, the instamtaneous sigmal curTent at the [F output ¥l be

g = {(nmqashe) 20U, U cos@ut + 3= ). (2-19)
The rasuiting [T signal power is

L)

§ = <1§>H‘L = 2 (agqA/he)” PloPsB"L (2-20)

where the time average is 20w over the [F wave pericod.

(U) The ooise power {3 essentially “he same as ‘or direct detec¥on, except that
additional shot noise {3 genarated oy he local-oscillator signal. Thus

2-14 UNCLASSIFIED
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© . N = [@@ng°MBe) (P + Pyt P ) By +2atRy +4kT] B (2-21)
where B, is the [F tandwidth.

The ratio of signal to noise in the [T channel i3 therefore

2 (nqa/he)® P poPeBr

(§)Ir " (@ ko) (B, + P+ P,y Ry +2ai R, +4kT] B
(RA/BeBy )P,

1+7, (P, + Py~ (ae/na) (@y + 26T/B )]

© e

As the loé.l-oscma.wr power P is increased, the noise contributions in the second
term of the denominator becomes negliginie, and the SNR approaches the quanmim lmit,

('.%IE = _Eﬂ;\; Py : 2-23)

The NEDP for this case can be determined by setting the I[F SNB equal to unity and
solving for Pg.

(O) The akility to achieve such quanttm-limited sensittvity is possibie cnly if the
local-oscillator power required does not cause detector damage or noanlinear operation.
Such performance has been demonstrated in practical wideband systems operating at
10.8 um with less than 1 mW of local-oscillator power. Quantum-limited sensitivity
is ther=fore practical and will be agsumed for the hetercdyne-detaction case.

() A limitation on heterodyne applicability results from the aeed for pbase-matching
of the referencs beam to that of the signal beam, as dscussed in Section 5. In practice
matching can be achieved only over a detector area on the order of 0.7 d where

d = 1.22M/Ds (2-24)
is the dlameter of the Airy disc for a2 system with effective eatrancs aperture diameter

Dg and focal length {. Even then 2 mismatch loss cccurs, which under optimum condi-
ﬁouleadsma.m:edncuonofluzo.hsom :

‘%’m * Iy % Py (2-25)
Moreover, since the detector's Jeld of view is given by
g, = as/t'2 ) (2-26)
ten
2= (vDy?, (2-27

« Substantial limitation on detector Jeld of view.
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(1 A second detaction s required to conver: the [F sigmal to a usahle video signal.
The final video cutpur SNR depends on the type of modulation, the type of second
detaction, and the magnitude of the {pput [F SNR. For demodulaticn, the best video
SNR can be obmained using linear video detecdon, in which case, assumxing a reasom.aly
laxge IF SNR [2-1],

% -2 (f-;-‘)m . (2-28)
= If the [F bandwidth s twice the informarion bandwidth 3, (the optimum condition) then
. = Ly monz? (2-29)

whers we have reintroduced the moduiation factor M to account for varicus modulatisn
types. This form is assumed in the computsr mocel for hetarodyns dstaction.

(U) For detection only, square-law video detection and video imtegration of a chopped
optical input are appropriate when the [F input SN is less than unity. This {s the case
for the Dicke radiometer, which is discussed in Section 5. Because of the mumerous
video detection schemes possible, however, it is unrealistic to consider all possibie
cases,

DU P ,‘Q- -

o BN My

$, == 1B MLTER ——— | QUTRYT

aw'tmn

Ne

Figure 2-4. A Typical Recsiver Configuration for Coherenr Heterodyne Opdcal
Detection. The opdical detector area is limired o less chan a diffracdion-limited

spot size.
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Section 2 = Dana-3ase Review and Model Formulation
Subsacton C = Modeling the Detection Process

3. BACKGROUND NOISE

(T) A tackground model {3 developed which accounts for both solar and blacicndy backg=cund
compounents and is adaptabje o varying sicy conditions.

’

(0) Contributions to detector background noise arise prirmarily from two sources:

scattered or reflectad solar radiation during daylight hours, and earth blackbody radi-

Y ation at 41l #mes. Zstablishing bla.ckbcdy backg-ound radiation {3 generally straight-
forward, whereas solar radiation is compiicated oy the selectve absorption effects of

A the armosphere and of reflecting surfaces.

(T) Namral radiation emitted Zrom diffuse hackground objects in thermal equilibrium

at a temperature T is speciﬁedin:emsofﬂze spectral radiance N of the sourcs,
where [2-3]

N, = ¢ (0 @A [exp (be/aen-1]7 | (2-30,

€ A) is the spectral emigsivity of the sourze. I ¢ is unity for all wavelengths, then
the source is termed a2 blackbody. A plot of Ny versus waveleagth i{s showu in Fig-
urs 2-3 for a 2939 K blackbtody. A comparison with measured values is made at the
end of this discussion, showing that the values for Ny givea by Figure 2-5 provide an
accurate model for most natural sources. This {3 ‘Tue because most materials have
emissivities near umity {n the infrared region where the biackbody radiance peaks, as
indicated by the data of Table 2-1 [2-6].

'S

PR R

ca Sy

(T) The resuiting background power Pyp incident on the receiver photodetector due
to blackbody radiation is given by

b B ™ NXA'D QbAJ\ (2-31)

where Ay 18 the area of the blackbody source at a Tange Ry subtended by the surveil-
lance receiver solid anguiar eld of new & g

2 = As/nbz, | (2-32)

which is the solid angle into which the source radiation must propagate to be seen by
the detactor; and AA is the optical Siter handwidih of the receiver. Slnce the black..
body source flls the receiver feld of flew,

2
A, = ~Q (2-33)
o that Ay 8'1:.~ s’

which {3 {adependent of scurce rangs.

' The compoaent of solar radlation contmibuting ‘0 background 2cise must be re-
flected oT scattared into the detector fleid of view (bar=ing the unlikely chance that
the sun is directly in the 3eld of view, 2 geometry o0 be avoided.

Assuming the - s receiver i3 lookiag directly at the ‘ransmitter, or at:nc
link recaiver, the source area Ay ¥hich wouid be reflecting radiation would probatiy

2-13
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be the side of a huilding, a backswp, or perzaps namral ter=ain. If the receiver
were dirsctad elsewhere along the path, it still would probably intarcept the same
featnres, orltmg'hzmercsmthesxybacmd.

159) Consider the case where the receiver fleld of view imtercepts a building, as
shown in Figure 2-6. The fleld of view defines the area Ay from wiich solar radia-
tion, assumed to emanate at an angie 9¢ol, s refdected. The toml solar power in-
cident on Ay, in a wavelength range A A is given by

= HIA'b Alisin 9 (2-35)

where H; is the spectral irradiance from the san.

1)} A plot of H, as a fmction of wavelength is shown in Figure 2-7 for the sun at
zenith [2-7]. The solar spectral irradiance is closely approximated by a blackbody
source at 5900° K. AS seen in Figure 2-7, however, ammospheric attemuarion eifects
further reduce H,, and it is highly strucmired cue to strong molecular absorption bands.
Gast (2-7] provi s tabulated data for Hy at sea level assuming a solar zenith angle
8go) OF 60 (air mass 2) 2 norinal condition.

© Therad;ance\golw::hm.«.kzrom&eareaAbmetothe*eﬂec:edsmhght
assaming a diffusely reflecting surface of reflectance o, is given by

N sol = pP, /1'Ab (2~36)
so that the total solar power on the surveillance receiver is

Poo1® Naarts s @-37)
Combining (2-38) = 2-37),

psol = psi.:::.es‘:1 HX As Qs A N7, (2=38)

(9] With reference to Figures 2-5 and 2-7, the solar component is cleariy dominant
in the visible and near-infrared regions of the spectzmm, whereas the blackbody radia-
tion dominates in the far-infrared region. Some measured vaiues (2-3] are presented
iz Tigures 2-8 tairough 2-13, and cormparison with Figure 2-5 shows consistently good

ent for the blackthody componenr. It is difficait tv compare the measured re-
flected solar cormmonents of these dgures withthaorybecansethemasnremeuts are
provided primarily in the region between 1.5 uzm and 3.0 um, where both material
reflectances mmd atmospheric absorptancs are both highly varying with wavelength.
However, they ars in reasonable agreement assuming a 5300° K blackbody model for
the san,
19)) Mgure 2-15 also indicates a2 comparabile solar spectral radiance cormponent
from the sky to thgt {rom terrestrial scurces, aithough a region arcund 10 um can be
significantly lower depending on temperamre and cloud conditions [2-8, p. 99).
1)) The total background power Py, is given by ths sam of the blackbody and solar
components,

Pb = Pbb + 1=m1 . (2-39)

“owever, 2s saown in Figure 2-10, the solar component is absext at umight, as expected,
whereas the hlackbody component is always present. A backyrnund model should there-
‘ore have provisions for specifying daytime or aightime conditions. Moreover,
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(C) intermediats conditions such as an overcast sky may exdst, but such a generaiiza-
dop requires that sky radiance be considersd rather than direct soiar irradiance. This
requires an integration over that porion of the sky irTzdiating Ay, a rather complex
way ‘o determine the reflected radiance. Eowever, liftle additional accuracy can be
gained by using such am approachk. Table 2-2 [2-8] provides the relative magniindes

. of scene illuminance wder dfferent sky conditions., Scaling of Hy by these factors

S sbouid be adecuate ‘or a2 reasonable characterizarion of solar ncoise under various

~ intermedizie conditions.
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Figure 2.5. Specmral Radiance for 2 293°K Blackbody
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: TABLE 2-1. (U) REFLZICTANCE (p) AND EMISSIVITY (¢) OF COMMON
3 N TERRAIN FEATURES FOR VARIOUS INTRARED BANDS (2-8] (T)

S 0.7-1.0um 1.8-2.7um 3~5um 8~13um

S Green Mountain Laure] .p=0.44 «m084 ¢=0.90 €=0.92

: - Young Willow Leaf (dry, top) 0.46 0.82 0.94 0.96

Holly Leaf \dry, top) 0.44 0.72 0.0 0.90

Holly Leaf (dry, bottom) 0.42 0.54 0.86 0.94

Pressed Dormant Mapie Leaf (dry, top) 0.53 0.58 0.87 0.92

. Green Leaf Winter Colar — Oak Leaf dry, top) 0.43 0.67  0.90 0.92

N, Green Coniferous Twigs (Jack Pine) 0.30 0.86  0.96 0.97

,1 Grass - Meadow Fescue dry) 0.41 0.62 0.82 0.88

: Sand - Hainamanu Silt Loam - Hawaii 0.15 0.82 0.84 0.94

{ Sand - Barnes Fine Silt Loam - So. Dakota 0.21 0.58 0.78 0.83

: Sund - Gooah Fine Siit Loam - Oregon 0.39 0.54 0.80 0.98

Sand — Vereiniging — Africa 0.43 0.58  0.82 0.94

Sand - Maury Siit Loam - Tennessee 0.43 0.36 0.74 0.98

Sand = Dublin Clay Loam - California 0.42 0.54 0.88 0.97

Sand - Pullman Loam - New Mexico 0.37 0.62 0.78 0493

. Sand - Grady Silt Loam ~Georygia 0.11 0.58 0.85 0.94

Sand - Colts Neck Loam —~ New Jersey 0.28 0.67 0.30 0.94

Sand - Mesita Neyra - lower test site 0.38 0.70 0.75 0.92

Burk — Northern Red Qak 0.23 0.78 0.90 0.96

Barit = Northern American Jack Pine 0.18 0.69 0.88 0.97

Bark - Colorado Spruce 0.22 0.75 0.87 0.94
i
-E.
}
F
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Figure 2.6. Characreristic Geomewry for Estabiishing Solar Background
Radiasion
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Figure 2-7. Solar Specmai Irradiance with Sun ac Zemith. Shaded areas indicate absorpdon, at sea
level, due to the atmospheric consdruenes shown [2-7].
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TABLE 2-2.

UNCGLASSIFIED

APPRCXIMATE NATTRAL SCENE [ILLUMINANCE TROM THE

SKY UNDER VARIOUS CONDITIONS [2-9)

Direct suniight
Full daylight®
Overcast day
Vexy dark day
Twilig:

Deep twillgh
Full moon

Quartsr moon
Stariight
Overcast stariight

lumens/m2
1-1.3x 108
1-2 x 104
103

102

10

1

10-1

102

10m3

10~

= Not direct sunlight

2.28 (2-29 Blaak)
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Sect=on 2 - Data-3Base Review and Model Formuiaton
Subsecton D -~ Scattering Viechanisms

1. OVERVIEW

(T) In this saction &e major mechanisms for scattaring radiarion are modeled, and dawm for
determinicg their sigaificance is identified and discussed.

.- The toml signal power Pg available to an oif-axis receiver attempuing to - -
radiation from an optical communications link may arise from four major scurces.
They {nciude ansmitter gidelobes, transmitiar window scatiar, atmospheric scatssr,
and backscatier i~ ‘he receiver, backstcp, or any foliage, stTucture, or other object
along the beam padl, inciuding the ground itself, Denotizg the scatiered power availahie
from the {ansmitter, acnosphere, and rscsiver as P, P,, agd P» respectively then

Pg= Py+ Py~ Pr, (2~40)
Cther, less obvicus sourcss may alse be present, it they are dfficult to model ia
general, and means for dealing with such ext=arecus sources must be developed as
they arise or are suspected. Scme modeling tecipiques assuming virtmal sources e
discussed. :

Generally, all Zr=e major radiation sources cannct be collectad sixmuitazeou (y
because of the preswmabiy limited Jeld of view of the - : receiver. A geteral
model shauld thereiore specify the scurce power availabie as a fanction of
receiver Seid of view deh and pointing cirecton., The three power scurces have there-
fore been specified in terms of these parameters. To identify the most extceme case,
however, the total power available from all three sources at a givea point can be cal-
culated by assuming the feld of view ¢ sh adequately wicde to encompass the whole link,

2-30 (2-31 Blanic)
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ection 2 - Data~-3ase Raview and Model Formulaztion
ubsecdon D - Scattaring Mechanisms

TRANSMITTER SCATTER-SIDELCOBES

Aperture sidelobe radiation is completely specifable in terms of exit apermire dametar
cotical waveiength for diffraction beyond cne degzee.

w

g

(C) If a coberent, unmiform plane wave is transmitted through a tTansmittsr aperture

of diametar Dy, the resulting radiant intensity distzibution is given by the Airy pattera
(2‘1°1v
6 0,3/0)] 2
3@ =14(0) | 23 Dt ax] (2=41)

whers J1 is the first-order Sessel function. A plot of the Airy pattarn is shown in
Tigure 2-16. This distribution also hoids if Ge aperiare is a leas or parabolic mirrer

used to collimate a poiat source (2-11]. The radiant intensity on axis, Ig(0), is given
by [2-10, p. 386]

1,0 = (rD/0P, ' (2-42)

based on the requirement that the total power P, emitted from the Liansmitiar ve
conserved.

(CT) The sidelobes of the Airy pattarn shown in Fignrs 2-15 are noted to rapidly d: -
crease in amplitude with increasing x, where x = =Di9/A. For the majority of cases
of interest wa will be concerzed only with large values of x, For example, with

De= 1072 m, A = 10-3 m, then for 9 > 1°, x> 500. An asymptotic approximation to
J1(x) for larze x is thus usually reasonable. Frem Clver [2-12],

/2

5 o= 2/ Y% cos (£ - 37/4) 2-43)

for larze 2. Slace x is a rapidly varying function of 3, the sinusocidal variations will
average cut, so that we may replace (J1(%)]2 by [J (X)]2, its average vaiue, and

(3 @)% = 1/ (2~t4}
Combiming (2-41), 2—42), and 2~id)
PO
@) = 2 = 2~45)
Dy (70)

() Ths validity of 2-43) for practical systems must be questioned sincs unifor=m
plane waves are rarely achieved in practice, and —aricus aperturs shapes and obscara-
doms are often used. Also, Zaussian rather than uniform Seam profiles and extaac.d
mather than point socurces ars comrronly encountared. However, an analysis of ca_ca-
lations made Yy Rosen [2-12] indicates hat variations due to gaussian besm proflss

2-32 UNCLASSIFIED
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J0) and csnrral cbscurations are only experiencad by nsar-in sidelobes. Exreme
sidelobes (9 > 19) approach the same asymptotic limit, A similar result occurs if
extended sources, either coper=st or incoherent, are considared.

U) The major shortcoming of (2—i5) is experienced when very long link paths are
considered, such as for a2 satellite-to~ground link, where values of 9 less than one
degres must be analyzed. The exact Airy solution may thea be appropriate.

() Ancther minor problem with (2-435) is that it predicts sidelobes at 90° from the
aperture. This resuits because of the neglect of ths so-called obliquity factor (2-11]
in the derivation of the Airy pattarn. The rigorous equation from which (2~41 is de-
Tived contains a multiplicative factor cos 9, the obliquity factor, which is negiected.
Reintroducing it into (2-45) in order to avoid the physically unrealizable condition of
diffraction gsidelobes az 909,

P
cos §. (2-186)

A
s Dt (79)3

Whereas the variation is cleariy neglizible except at large angles, the resuiting
distribution is more plausible and intuitively satsfying,

v =8

i~

i
|

Figure 2-16. The Airy Pactern, or Fraunhofer Diffracrion
Pactern fcr 3 Creular Aperture. The asymorotic average
for large x is shown docted.
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Section 2 - Dam 3ase Review and Model Formuiadon {
Subsecticn D -~ Scartering Mechanisms

3. TRANSMITTER SCATTER - PORT SCATTER

. The complexity of port scatiaring mechanisms suggest hat an empirical rather than an ar:iyd-
cal approach be taken.

.~ Port scatter results from microscopic surface irregularities, tulk optical
™ material imperfections, and dust, moisture, and other contaminants on and within the
; cotical system. & sszeral acalytical approach (o establishing the amount of radiant
: intansity scattered Irom systems due to the various scatiering sources is complicared
by the fact that the scatiered radiation may then te reiracied or reflecied by the follow-
irg cotlcs. Thereiore, not only does ‘he distribution of scattering capters mave 0 he
specified, but aiso complex cff-axis ray Tacing must te periormed. Measured data
on many systems and optical materials have been comuiled, however, ard an empiri-
¢al rather than analytical appreach appears o be more tractable.
Regardless of how the data are derived, the scatizring profile will be exnressed
: in tarms of a normalized port scatiering distribution fncdeon a'p(e), cefined such th::

op@) = Io (8)/Pgy cos 8

e kil et

(2-47)

where Ip(e)isthemeasmdmd!ammmtysmndatanmgiee from the trans-

mitter extt aperturs when it is {Tansmitidag power Po. This i3 counsistent with defini-

Hons used by Nicodemus* [2-14]. c
It is assumed here that scattering is radially symmetsical, depending only on 4, |

which may not always be 2 valid assumption. Real-world systems may also comtain

specalar components. Variations can be imtTcduced as necessary to represent specific

cases by appropriately selecting the functon cp(@).

*Use of Nlcodemus' definition, which includes e ‘aczor cos 3, s somewhat arbitzary

for characmrizing por: scatar. The purpose of ‘Scjudiag the factor cos j is clearer

in the contaxt of surfice -erlestions, as iscissed ahead, {n which.case a reflectance
distritrrion function is defined similariz o T-iT 30 that ity 7alue will equal a con-

stant £ the surface is perfecily ciffzse, or lamber=ian, 2 common assumption for -
samral leamires. ¢, is similariy detined here lor e sake of consistancy.
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Section 2 — Data~Base Review and Model Formulation
Subseczion D = Scattering Mechanisms

4, TRANSMITTER SCATTER - TCTAL POWER CCLLECTA3LE

.} The ‘omal power available to a.- e - from the ‘Tansmitter is the sum i the
atteguated sidelote and port-scatiar mponcn:s sat::ar-u within e receiver Sejd
of view.

2-38

/.. Tia contributions from sidelobes and window scatier comprise the total scattered
power availabie o= the Tansmitter, In order to cetect it e ... .. | Teceiver
Seld of view must .otercept 2e ransmitter window. We shauasregzrdﬂ:e narTow
transition regiocn and agsume that the whole window either can or cannct be seen. With
referencs to Figure 2-17 we shall assume that it can be sedn if and oaly if 9+ - ogn/2

< 3{ =9++ osh/2. If 4his condition is met, then the ‘otal scatiarsd transmitisr power
P+ incident on the detector will dDe

Py(6y) = [Ig(6) = [5(6y)]exp (=R Qg (2-48)
where R, is the range from tie tTansmitter to the receiver,
a=a, +a, . (2-49)

is the atmospheric extinchon coefBeient at the operating wavelength due to 2bsorpticn
{ag) and scattering (a4) by ammospheric cousttuerzs, arnd

s JERWERS (2-50)
which defines that solld angular perion of radiation scatiered from the ttansmittar :
{meo the veceiver. Combining (2-46)-(2-48) and (2-50) ‘

o [(X/Dt)(zrsl)'s + o, (8] cose;exD(-aR A S/th
Pt(ei)' for 9, = ¢s/2 <9, <9+ ,;,s/‘.’. (2-51)
0 octherwise,

(0) We note that, in general, the net caangs 4P in ovrical power due to atmospheric
extinction over an elememtnl path length dr is

éP = -aPdr. (2-52)

If « is constant over the path length of imterest, in thig case Re, then tha simple
exponential form for the extinction loss, 3s imtroduced in 2-48). holds. However,

if @ is a0t constant over the path lengrh, ‘ten we —ust maka the replacement




(T ;

- 'Y
| .

exp(~aR;) == exp|~-} qr)dr|. 2-33)
0

{ + The extinction coeificient is in gereral 2 function of both the amnospheric state
and the link altitnde. The change (2-53) must be invoked whenever the spatial variation
is significagt. The most obvicus case where the substifution will be needed is for the
sazellits-to-gTound geomewTy. All other parameters are dependent only on the trang-
mj:t.':er or , receiver characteristics or their relative positions and altimdes. &

TRANSMITTER 1
— i
1
-
\) RECKIVER Lo
\\r
- :
.‘.-'igure 2-17. (C) Geomerry Neczssary for - - . of Transmicter Scarter. The wransmicter muse .
be within the . eceiver’s fieid of view. /| 31
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Secdon 2 -~ Data-2ase Review and Mcedel Formuladoen
Subseczion D — Scattering Yechamigms

5. TRANSMITTER SCATTER ~ MEASUREMENT DATS

(C) Port scattering from practical optical systems generally varies exponertially with off-axis 1
angle, with variations due o dZferences in design and degree of cleaniiness. Ixermai-wall )
scaztering can result in stTcong specaiar glints,

(U) As notad, it i3 very difcult to develop a generalized a.nalytitnl approach for
. cegcribing port scatiar “Som an optical ansmittar because of the wide variety of
Tl geometTies and phoromesa iovolved. Figure 2-13 illustrates the complexity of such
) an approaci. Assuming, for example, a light-emitting diode or laser dode as 2 souzce
in 2 refractive system, the ragiation must be collected and focused by a leps, and the
scarieripg profile will be dependent on Se spatial natiern of light incident on the lens.
The lens will scatter light 2t both surfaces and from Tuik imperfections. Moreover, a 4
zonnegiiginle amaount of doubly reflected light will te refocused towards a shor: secoid-
, ary focal point at a dlstance of about (m-1)(22)~1f, where f is the leps focal length and
; . 3 its index of refraction. Light may also be scartared off inter=al walls of the system.
- (T) A more sophisticawed system might use 3 coilimated laser and a beam exsander,
: also shown in Fignre 2-18 agsumirg refeckive optics. Though such a design approach

1 is inherenily cleaner, strucmres sucl a3 the wed required @ hold the secondary
; mirTor will int>educe an addifional scattering component which is nonsymmetrical and
. difficuit to model predicively.

(C) Several investizgations have examined the scattering properzies of optical matar-

ials. Scheele {2-15] has performed scatiering disiribution measurements on mmercus

transparent optical materials (flats) useful at both visible and infrared wavelepgths.

A porton of ais resuits which are represeatative are shown in Figures 2-19, 2-20,

acd 2-21 for various optical materials at 0, 633 ym, 1.06 zm, and 10.6 um. He als:
has made measurerments at 3.39 pm. Leinert and Xluppelberz [2—16] have examineq

1 the scattering properdes of mirrors at visibie wavelengths., Some of their resuits are

also shown in Figure 2-19. A 7 TeDort provides measured data

for a germaniwm anti-reflection coated ovtical dat irmadiared at 10. 6§ um, also shown

ig Figure 2-21. Carmer and Lindquist {2+18] also made scattering measursments at

1. 06 um for various materials, and their results feil within e envelopes shown in

Fligure 2-20. Tley also varied the source polarization in their measurements and

cbserved only minor variations. TFor each of the programes cited, tie optical heam

was incident normal to the sample.,

(C) All of these results show 2 basic -2 angniar dependence. Also, Scheele notes

that scattering generaily decreases with increasing cpdal wavelength, showing apprroxi-

mately a A~2 wavelength dependence. The bulk scariering properties of a tTanspareat

matarial can be ascerwined by comparing the scattering properties of ths same mater-

ial but different thicknesses such as those shown in Figure 2-20 for MIRAN.

(©)  Leinert and .-Clm:vpelbezz also made messuremernts on lenses at 0. 633 zm, the

Tesuits of vhich are shown in Tiguss 2-22, Ag:.m e curves ars roughly proporsional

to =2 when douhle reflection is suppressed. The deubly redlected component ‘eads to

{ncrease scattaring at larger angles. It can he substansially suppressed using ant{-

reflection (AR) coarings, Sut some coanings =nd o increase sursace scatiering, espec-

ially after cleanming [2-18]1.
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og 2 -~ Data-3ass Review and Model Formuiation
eczion D -~ Scattering Mechanisms

. ATMOSPHERIC SCATTERING - TEECRETICAL MCDELING

T2e power availahie via atmospheric scatioring mmst i g=naral be calculated using smwer-
inregration, tut 3 cicsed-icrm ipproximazion is csahie in the majority of cages of inrerest.

(U) The major parameter used ‘o characiarize atmcspheric scatlaring {s ‘e atmos-
pheric scatterirg coeificient @g. Wkhen an optical beam passes through a scatiering
media, the zet power scatiared out of the beam is proporticral to the inciders power
D¢ 2zd to the path lexg. The elementu] ammospheric scattaring loss ¢Pgc in lepgth
4z is given by

Pge = Py &= @-54)
() Atmospheric scatiaring is further cimraciarized by fhe scattaring dst>itwmiion
funcHon T @), which cescrites the relative intansity of scatsarad racdiazicon as a Sunction
of cif-axis angle. If 2 toml power Pge ls scattered Som an arbitary volume eiement,
and I4c{@) is e resuiting irrensity scattered at e axgle 3, then the scatteriny distei-
tution function is dafined ag

Te)= Isc(s)/Psc 2-63)
Moreovey, since
hrsc(e) dQ -Psc (2-586)
wiere the integwation is over a sphers, it follows thas
AT @-57

The scattaring discituticn fancton used hers is ‘harefore normalizad.
2" Now consicder the geometsy of Figurs 2-25. Usirg (2-34) and (2-33), e amemt
of raciation origiratipg fom e Tansmittar and scatiered ftom the elemeantal volze

dV' = dx! dy’ dz' into the receiver Seid of view {3 given by
Hge @) = PR TEPa @) da’ (-85,
where P{@') is the trapsmittar power izcident on dV7, R' is the vectsr foom ts

tmansmittar o dV', and 54 !s the scattaring angle Srom GV imto tue

receiver. (Note &t the volume element V' of Tigure 2-25, and consequemtly R, o\
Ry', and 91 are not cecessarily in the plaze of “e Sagwar.) The power incidest o
GV is given by

SEC UV U



,.Au~.-.a.‘A~ &L

. LA,

ALCHIVER

|

Figure 2-25. = Generalized Geomeny Depicting Variables which Describe Ammospheric Sastering.
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©
13
picanaro(gt')a:p :/‘ a@)dRrR .j4dQ' (2-39)
0 .

wvhere dQ' = &x! dy'/(R")2. The atmospaericaily scatiered power incident on the
receiver detector from 4V' is

B- 30 ,
dPa = dIsc(e{) exn -;(3." a®) dr As/(Ri)" (2-60) -
. i
Combining (2-33), (2-33), and (_2-60) and iategraring,

, ' 2 dzrem 2
P, =4Ag ‘/; dVT, GHF(O] aq BilexD :f; 2@®)CeR :/I-R'T@a‘ /@R (2=-81)

where V is the volume of intarsection of the N Teceiver fleld of view and

the trapsmitier beam,

V)  Aside from secondary scattering effects, (2-61) is esseztially exact asouming -

Dg/Rj << 9{ S0 that 9; can be considered constaxt over the Tecsiver aper—ire,

3 condition whick we assume is always met. For the general case, 2 solution requir-s

oumerical imtegration. Such an approach is necessary usually only for very long links

where the beam diameter can become quita larze, or for vertical links where larze

variations of a and ag with altiiude are experienced. Space-to-ground links, for

example, fit both conditions and must be solved mmmerically, Eowever, (2-51) may

e expressed in closed form if several simplifying assumptions are made, These 23-

sumptions are applicable to the large majority of ccoventional laser communication

lnks, as {llustrated in Tigure 225,

v/ Tae first simplifying condition is that @ and ag be reasonably uniform over the

Teglon so that the expanential extincdon losses can be expressed in closed form. .

Secoudly, if the beamspread aud link range are sufficiemtly small, then R' = 3! and R

= Ry throughout dV'. Fipally, if the beam is fairiy uriform and par—ower than the
Teceiver's Jeld of view, then

1,8 &V/@"F 2 B dz, - 2-62)
Using these three simplifying assumptions and *he relationships
2 =2y =X/t g (2-83)
and

L)
ese” 3, dg, = R, dei/sin 3., (2=-6+4)

dz2 =X,
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figure 2.26. Basic Geomery for Which Equation 2-65 Holds. Also required is that 2 and ag be
uniform chroughour the beam and scarrering regions. (U)
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2 '(PoAsds/xs)f 46, F(9,;) exp[-az ] exp[¥x_(cos 9,-1)/si 9,] . (2-65)
-8s/2 : . i i

I the Jeid of view ¢ g is suificienily szmall that terms in the imtagmand of (2-65),
especially F(@1), does nct vaxry appreciably, then

P,e)= (Pya e, 0.7 '91)/x51 exp [~z ] exp [ax4(cosd;~1)/sin 3] (2-66)

Tor larger flaids of view, &4 may be subdivided into elements for which (2-48) hoids
and the power available from each element summed %o obtain the ‘otal power avaflahle.
(C) Turbulence eifects of the atmosphere have been considersd and appear to be
significant only when phase cohersncs is essegtial the heterodyne case) or for the

scenario. Typicil beam spreading cue o turtulence, even consider-
ing ground-ievel paths in very txrbulent conditions, is of the order of 100 urad., Since
typical beam spreads for ground links are $ 10 mrad, the increase in spot size is in-
significagt, However, for sateilitae-to-ground litks an incremertal increase in Seam
spread may increase the cemtzal radiarion spot sizs on the ground by as much as a
idiometar. Suck cases must cleariy be considered.

2=34 (2-33 3lank)
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Seczion 2 - Dam~3ase Review and Mccdel Tormulaton
Subsecden D — Scariering Mechanisms

7. ATMCSPHERIC SCATTEXIING - EXTINCTICN AND SCATTERING DATA .-

(0) Atmospperic extinction characteristics vary both temporally and spatially, depending
glokal locale, with changing weather, seasonal, and ciurmal condizions., Data collected by AFGL
and NRI comprise the major sourcs for at=osnheric modeling,

- (U) Atmospheric absorption and scatiering characieristics are dependent on the ip=
. dvicdual molecular and aerosol ceastituents which maks up the atmosphere. Absorption
R {3 primarily associatad with specific molecular species, especially E20 and CO9, and
h can be established {n ‘erms of the vibratioral and rotational absorption-iine character-
; istics of the speciic moiecules.. Scatiering {3 dependent on the mmmper density, size
' distribotion, shape, and index of refraction of the constiftuent molecular and aeroscl
pardcles. These parzmeters are not only difficunit t0 messure, hut they are also highly
: variable both spatially and ‘emporally at a given locale, and different locales will az =
. dferent characteristic atmospheric proiiles,
) (T) The majority of atmospharic dama for ECXSTROM modeling has been obtained - -
from &e Air Force Geophysics Laboratories (ATGL, formeriy Air Fores Cambridge
¥ Research Laboratories) aimospieric data comvpiladon, AFGL has had an extensive
P! program copncerned with the opdal properzies of the ammosphere for over a decade,
; : and they continue to compile cam from which they have established models for both
: low~ and high-resolution atmospheric tsansmittance. Additional supportive dam has
been obtained Zom Naval Research Laborators (NNAL) publicaticns.
(T) Becauss of the wide diversity of stmospheres encountered globally, AFGL has
deflned five standard atmospheres as a represexmtive cross secton (2-22]. These
inciucde models referred {0 as Tropical, Midlatitnce Smnmer and Winter, and Subarc=c
Sucuner and Winter, These modeis are cdefined in terms of the atmospheric pressurs
and deasity, temperature, and ozone and water vapor concertrations as 2 fumcHon of
altiinde. In addition, two aeroscl models have teen defired, referred to as continerczl
clear and cootinental hazy, corresponding to visibilities of 23 ken and 5 km respectively.
A total of teq models can thus be specified. l
- (U) Because of the exrensiveness and ready availability of “se AFGL data on atmos-
pberic models (2-22] - [2-25] nons of it will be reprinted hers. The data available
L covers most nominal copditions and copsists of 2 compilation of absorption and scatter-
{ng coefficients for each atmospheric model as a funcHon of wavelength and altitude. i

s 4“.- L

in

Most major lagser lines ars inciuded.

(T)  An aiternate approach {0 determining absorpdon and scattering coedficients is ™
calcalate them ;singd.ﬂ;erof.m camumrmodels developed by ATGL. LOWTRAN
(2-26] is a low-resolution code (20 em=i) usefnl for characterizing broad-band scur—es
sach as light-emitting dlodes and diode lasers. The most recent version, LOWTRAN
3B, introduces four naw aeroscl models, the Maritime, Urban, Ruzal, and Tropostheric
Modeils. This extends the modeling variations possible.

(T) LOWTRAN, however, is inapprovriate for characterizing narrow-band lager
sources. A comparison of the spectral characteristic of a2 marrow-bacd (DF) lager
source to that of the atmosphers is shown in Figure 2-27 [(2-27]. The LOWTRAN code
does not provide the Sne structure exhibited here, and 3 higher-resolution code is
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(T) EITRAN, actaaily a line compilation, cin be used to establish atmospheric
absorption characreristics for a parzcuiar laser line to the ceg:eeofmolnﬁondesu-ed
[2-28], [2-29]. Tiis code has Deen made possible because of an extensive compilation
of obsozrption lins specz=a dus to all major moiecular atnospheric constiinenrs, inciud-
ing H20Q, CO2, O3, N2Q, CO, CH4, and O9.

(T) Cugoing measurements at MRL have confirmed witk good agrsement the geperal
band sttucture predicted by he EITRAN model. Measuremests mads at DF laser
wavelengths (3.6 - 4.1 um) have shown exceilent agreement (2-30]. However, the
BITRAN code has been found to substantially over-predict transtaission in the region
from 4.7 um t0 5.1 um (2-31]. In both regions the results have been found to be
strongly dependent on local water vapor pressure. Code updates at AFGL and measure-
ments at NRL contimue, however, and differences in the theoretical models and mea-
sured data are rapidly converzing. Moreover, extensive additional dama will socn be
availabje from an AFGL atmospheric measursments program faking place in Europe

in cooperation with NATO [2-32].
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Figure 2-27. Comparison of the Atmo:pheric Transmission Speczum and the
DF Laser Emission Spec:nun. The cransmittance is rapidly varying in the
vicinity of the laser line and requires a high-resolution mode. :~ maintain
accuracy (2-27],
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Secdlon 2 - Dam-2ase Raview and Model Forzuladon

Subseczion D -~ Scatitering Mechaniams
3. ATMOSPHERIC SCATTERDVG - DISTRIBUTION FUNCTION DATA
(C) Atmospheric sczttering profiles 1ave been obtained from scattered measuremert programs

md&cm&egeunths@fmtem,w&.wﬁch&emasueddaﬂmhhiﬁygoed
ag—eement.

(U) I the atmosphers were composed only of molecules, whbse dlametars are much
less thag optical wavelengtus, appropriate acproximaticns would result in the Rayleigh'
scattering theory, ~iich predicts an almost uniform scatterizg dstribuiion. Eowever,
aerosol componrecss cf the atmosphere are almost always the cominant scattaring '
mechanism. Such aerosoi par-cles typically have dametars of the order of the optical
and infrared wavelecgrhs of imterest, and the more general Mie theory must be used.
Scatiering distribution funcdon measursments have not been as extersive as extincHon
Teasurements, and though predicrions tased on the Mie mocel are theoredeaily weil-
founded, they are strongly dependesnt an *he size lst—iuticn of atmospheric constitu-
ents, 2 fanciicn which {3 Hfficult to measure. :
(C) Tle theory developed by Mie [2-33] provides an exact solution ‘or the scattering
of a polarized plane wave fxom a sirgle spherical particle of atbitsary siza and index
of refracton, which may be complex. The general theory specifies amplitude, phase,
and polarization as a func=ion of scaitaring angle. The Mie solution h2as been extencded
to describe the scatiering by an arTay of particles stmply by swnming the scattering .
coptrilations {rem each individual particle in the arTay, and computer codes exist for
performing such calculations. Such an approach tacitly neglects the effects of muitipie
Scattaring, and inaccuracies also arise from the dfficulties in specifying the mmmber
and size distribution of the aerosol partdcle ar=3y and the effactive indexes of refrac-
ton of the particies. Such measurements 2ave been made, however {2-34], [2-35],
and dstribution models have been developed for general use [2-22], [2-36], though
Nella potes that the models lead o discrepancies in atospheric water comtent [2-351.
(U) Bullrich (2-37] and Neila (2-35] have both made extensive scatiering profile mea-
surements in acual atmospaeres st ground level, and their resuits ars generally con-
sisteat with Mle calculaticns. Results fxom Neila!'s measurements are shown in
Tigures 2-23 and 2-29 for wavelengths of 1. 06 um and 10. 6 um respectvely. The
gTavhs show the composits piots for mmercus measurements.

(T) Nine of the eleven measured curves of Tlgure 2-28 fail in ths cross-hatohed
region, Cuarve A reflects conditions of very low mmmidity (24%) and extremely good -~
visibility & 40 tm). No umusual meteorviogical conditions were observed when carve
3 was measured. The curves of Figurs 2-28 ars consistant with Mie calcxlations made
by McClatchey et al [2-22] as shown in Figure 2-30, A calcaiation at 1. 06 um would
fall in between ‘he two curves shown., Moreover, cuasi-simultanecus measuremernts
at six different laser wavelengths between 0. 47 ux and 1. 06 um by Nella yielded
scatiaring functions similar to Figure 2-28 and within a factor of two of each cther.

(U) TFourteen different megsurercents wers used © maka the composita curve of
Tigure 2-29 {or 10. 5=um, CO2 laser radiation, and oniy one azomalous result was
Tecorded. [t is shown dotted. The major dlstincton between hese carves and hose
at shorter wavelangths lies in the less pronounced ‘orwasd scatiaring peak and the
absence of a1 increased backkscatier comporert bevond 1209, the so-called glory. This
is a general behavior associztad with scarlaring when the pardcle sizes are less than
the wavelengwh, The ultimate iimit !s the Ra7ieigh scatteriny dstribution due %o
Dojecular scartaring, 2lso stown in Figure 2-30.
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(T) Generally speaking, as pardcle sizes increase, {orward and back scattering at

a given waveiength becomes more pronounced, and e distribution is generally more
stroctured. For exampie, rainbows resuit rom larze-partcie scattering 2-331.

(C) Tor clear weather conditions scazering functicns like those of Figures 2-23 and
2-29 cover the majority of cases sncoumered. Becauss e scantaring distribution
funcdon is normalized, an increasse in forward scamering must be compensatad by a
decreass in bacikscamtering, Scattering imtensity is thereiore much more sensitive to
extinction coefficient than distribution function.

(T) Very little data has been compiled on scattering from fog or rain. A tTuly useiul
feg model must aceount for muliinie scatierivg effects, which have 3ot been corsidered
here. Eowever, Bullrich dld make scattering distribution measurements in {og, whicd
exhibit the proncunced forward and sack scater characteristics noted. No messured
scattaring profiles for rain were icund though Gumprecat et al [2-38] provide calcula-
tions for such a case. Chu and Hogg [2-39] have examined rain partcle size distribu-
Hons and densities. _
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Secdon 2 - Dara~Zase Raview and Model Formulation
Subsection D — Scattering Mechanisms

9. RECEIVER BACESCATTER - THECRETICAL MCODELING

(@) A compiex distribution of backscattered radiation can resuit, consisting of hoth specuiar
and difnge components, arising fom backstop or housing reflections, window refleczions, and
reflections from the recsiver and its cptical components.

(T) The tasic approach to modeling backscaered radiation is very similar to that
used for modelicg port scatter except that we assume an angle p between the incomirg
beam and the normal fo the siTtcture housing or btackstopping the receiver. The
scepario which must =2 modeled is illustrated in Figure 2-31.

"/ Consideration must te given o a typical spot size of the received radiation.
Commercial optical communication systems vary sigmificactly in beamwidih and useful
range, but, of te mmerocus such systems listed in Table 2-3, all appeared to project
2 spot gize in excesg of 10-m diamerer at their nominal cperating rapges, in some
cases sigrificantly larzer., Consequently, the radiated area depictad in ':'igure 2-31
wﬂlusuaﬂybemnch]arg!rﬂ:anatymalwmdow. It {3 also assumed that, for a

orna 2710 radiation fTom the main lobe will not be allowed to pass behind the
receiver in an uncontroiled manner,
(C) The major portion of tackscatter will therefors be that reflected from the struc
ture, or from a tackstop i the receiver is not enclosed. Typical structural materia :
will reflect somewhat diffusely with a moderate specuiar component. With ¢ the ang: -
lar variable referenced o the bullding normal, we generally define this reflectance i3
‘ ‘arms of NMicodemus' hidirecticnal reflectancs distribution function (BRDI)™

Pu)= L (§)/ P cosf (2-67)
whers In() is the intensity of the backscattered radiation in the direction £ éua to

Dine, the total cptical power on the building. For completa generality it {s necessary
to consider incident and reflecied rays at angles ¥ and { wiich are non-coplanar.

= 7y Much of the data available and presested in the {oilowing discussion ls express.d
- in tarms of the direcdonal redectivity ryp(2), where
Ty (5) =u(§) cosg = L(E)/Pp.
We prafer ERDF and use it.hers hecause, a3 mentioned earlier, it is a2 constant
independent of scattering argle for a perfectly diffuse refiesctor and consequently
convenient for programming.

i.hn.‘.l T T it e i anien stk e i
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! . (T) Zxpresging (2-47) in tarms of 3', 3 variabie angle referenced to the link axis,
: ingtead of i,

Pp= ph(a', J)= ]:b(e’)/Pmcos @' = ). (2391
With Pm- P, exp(~ aZ) %or a Unk of length Z,

. . (B, oy, (87:9) cos 87 = 9) exp (~a2) for |o" - 3]<30°

(oty= -39
Ls 10 otherwise. @49

Again, the expopential form of (2-53) must be used if o varies significantly along Z.

(C) We have peglectad the minor dfferencs in spot ar=a apnd reflectance édue o the
presence of a2 window in (2-47) sinee its ares would typically be much smaller than
that of the spot. Specularly reflected comporents Tom the window can be considered
separately by including them in the functon sy. This component of intensity should
geperally be much smaller than that from the tuilding since the refectance from glans
is low compared to that from the sttuchure surfice, and fe incidert power op the win-
dow is scaled by the ratio of the window area to the heam spot size; but its specular
nature requires that it be included. The common use of the Dirac deita function to
descride specular components would be incompatible with a computer calculation. We
shall use instead 2 continnous model which is highly peaksd in a direction §'= 2y with
8' in the same plage as j.

(r7 Another specular component of interest i3 the so-called optically augmertad (QOa)
return from the receiver aperiure itsell, The ictensity of this reflection must be
separately characierized as

Tqa(8 = By, 60,(6" cos o' A /78272 2-70)

where A, is the recsiver aperture ares and 504 is deflned analogous to oy in (2-68).
The - dependence {s absem for the OA returan since the recsiver aperiurs i{g neces-
sarily cormal to the link path. The small value of A. compared to the spot size, and
the parrow, rerroreflected mature of e OA beam ingicate that this componemt will not

be accessibie to a receiver at an appreciable off-axis angle, I should,
however, be considered as an additiopal source which may be scattered from the
atnosphere.
{{r) Aspalogous to (2-§1) acd with refer=nce to Tignre 2-3 te total power scatterec
from the receiver into the - receiver may be expressed as
. 3 9
Ly®1 8)+ To00) | exp (R A /R
P.O,%)= ra + 94,/229 2 §_ - 0,/2 2-T1)
9 otherwise

where R_ i3 the range irox e link meceiver 0 Me oif-axv's  Tecsiver. .

2-34 (2-38 3lank)
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Secon 2 - Dara-3ase Review and Model Formulation
Subsection D = Scarterisg Mechanism

10. RECZEIVER 3ACKSCATTIR - MEASTUREMENT DATA

{T) A review of reflectance data for a variety of waveiengths indicates that most real-world
cases can he modeled by assuming the combination of 3 simpie lamber=an diffuse eiement and
a gaussian specuiar elemece,

() In specifying the reflection characteristics of a backstop materizl in terms of its
tidirectional reflectance distribution furction (BRDF) oy, three different aspects must
be considered: the w.velengrh dependence of the material's reflectaoce, surface rough-
zess characzeristics of the material, and the 3RDTI's dependence on the direczion of
the incident radiation.

()  The waveiength dependence of the reflectance deperds on the detziled absorption-
band structure of the material, and because of the wide variety of materials whica
must be considered and the fact that most are chemically inhomogeneous (e.g., con-
crete) any attemypt at modeling their ahsorption-tand properties i3 unrealistde. We
therefore rely instead on measured refleczaace data.

(0 The complexity of the BRDF's dependence on surfice roughness and {acident
beam direction is best illustrated by an exampie. Shown in Figure 2-32 is a series of
Teflected~-radiation profiles (isointemsity contours) for aluminurm pollsiked with 600-
g=it silicon carbide Lhmminated at various apgles by 2 HeNe laser [2-40]. TRke pro=-
dles exhibit a propcounced but rather broad spec::.la.t peak, a smaller diffnse compo~
nent, a moderate backscatier lohe, and an anomoious array of smaller lobes. Other
materials will exhibit these same charscteristics but in varying degrees.

(T) Modeiing these geometric attribures of a material to theoreticaily establish its -
reflection profile is reasonable for most homogenecus materials, and several modeis-
have been proposed. However, there is a wide disparity in the nature of the theoreticai
approacies taien (though a carefnl comparison might show that the seemingiy diverging
approacies are ia fact idemtical). Shack acd DeBell [ 2-41) and Shack and Earvey [2-:2]
use the techniques of linear systams theory to ‘Teat the retflection profile from 2 sur-
face with a ziven staristical height distribution and autocovariance function as an angu-
lar spectrum of place waves, Using a ray-ootics model Trowbridge and Reits [2-43)
iTeat the surdace as an ensembie of randomly oriented, randomliy curved microareas
and show that an optically smooth curved surface of reveiution can be ciosen which wil
give the same distribution of reflected light as the acmal surface. Sauermans and
Waterman (2~+4] do 2 Fourier decomposition of the surface and consider the reflectic.
(diffraczion) properties of each sirmsoidally corrugated suriace componest secaratels.
and they in addition include the eifacts of shacdowing of the corrugated surface oe moo~
20rmally incident rays, as illustoated in Flgure 2-32.

(T) Al of these approdcies assmme singie-valued surface profiles and homogeneous
material charactaristics. However, disregarding ‘hese miror limitations the dif9cnity
with any of the approaches i3 that they 3ll must evemnally rely on measured data, that
is, the surface roughness progerties. Neversheless, they do provide a means for de-
termining reflection proilles if surface roughness and marerial properties can be esti-
mated reasonably.

(©)  Actoal BRDF measured data are rather scarce. The wide range of background
materials which must be considered, and the inconsistency of resuits for a given
material (e.g., wood) leads experimentalists :0 consider laboratory savironments over
which they have more comTol mather than real-worid eaviroomenrs. Natural materi-.s
are Zequently treatad as perfectly ciffuse sedectors, in which case the BRDF oy isa
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Figure 2.36. (U) Tyvical Reflectances of Wacer Surfacs, Snow, Dry Soil and Vegetadion [2-46] (V)
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baseline profils. It was shown that ciassical eyror analysis technicques could not be
apnlieda:dnsoomm.:ne. cue o the lacik of an adequate amount of data and the
comple-ity of the problem. so he sensitivity mnziysis represents 3 reasonabie meazns
o quanzize the effects of possible wmcerminty. A space-w-gyound model was develoved
wiich, aithough limited in capability, is an importart Srst step in developing a gen-
eralized modei. Lastly, a detailed solar background model was inciuded which takes
into account the line swucmire of the solar spectrumn and its modification by the atmos-
poeric transmission characteristcs.

In reviewing the capabilities of the program several improvemem: would appear

to be helpful in future analyses. These incliudes:

¢ Development of 2 performance evaluation code to detar:n.ine the impact of
security measures on linik performance.

e Development of an atmospineric program from existing codes {0 generate
tables of coefficients r any wavelength and armospheric absorption line
shape, and to also generate the scartering dstritution function using a .

Mie calculation.

e Develomment of a separate, comprenensive space-to-ground model. The
space=to—-ground case is 2 more compiex protlem to treat than 'marrow-
beam'’ links,

e Expansion of LACM 2.0 o allow more detailed moaelmg of scepario character-
istics. This will require a thorough analysis of data and will likely produce 2
very large program, considering the data requiremects and preliminazy
schemes developed.

¢ Development of 2 classification system for cla.sszfy'mg link type and scenmario
combiration to produce 'rules of thumb’ in estimating link security. This
would be accomplished by paramerric analysis using the program.

TABLE 3-1. FZATURES OF THE ECKXSTROM
COMPUTER MCDEL, LACM 2.0
-
Generai utm m:a.cuve
Features B
< TMexihle

Pseudo 3-D carved earth
Improved atmospheric model
Flexihie port scattar modei
Flexihle receiver/tackstop model
Improved beamscatter algorithm
SNR or power computational capability
Detailed solar backg=ound model
Modes to simplify gecmetsy
Comoux generation capability
Segsitivity analysis

Space to ground capakility

Spedﬂc
Features
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Secdon 3 - The Computer Modei
Subseczon B - Descripdon of Mathemarical Models

L.

NARROW-BEAM ANALTSES GEOMETRY

* (U) The amalysis of link beam scacter where the lUni beam dameter is negligible in

comparison o the off-exis cistancs, ‘eymed narTow-team anziysis, is based wpon sower
considerations, with beamesghape ppower versus off-axis disumece) effects neglected,

3-2

) The marrow-beam link is 2 poimt-to-point link over a curved earth as presemt=d
in Figure 3-1. The altitndes above sea level can rangs upward from -1000 meters to
exo-atmospheric alSres, The distance between the link transmitter and link recsiver -
is e link range, RL. The o 1x .3 & receiver (SR) location is defined in terms of
a cylindrical coordizate sysem, with the Tansmitter at fhe origin and the link Seam
coincident with the axis of symmetsy. The oMi-on'S 9 receiver locztion is specified
by the coordinator RPX (axis of symmetry coordinats), X (mgeorﬂ:ognnutn axis of
symmeiry), and GAMINT (anguiar coordinaze). GAMIT (vime) IS deﬁ.ned such that o9
defines a Borizomtal half plane, = 150° the cpposite 2alf plage, with 90° veirg e
woper vertical half plane of 2 horizontal Lnic. (Note hat the radial distancs X i3
parallel to 3 fangent of the earth’s suxface at {t3 intarsecton with the link beam for
GAMINT = 0° or 180°.)

© Tae connentofﬁ:emtarcentulanaxsvewmnmtognspmorderm fally
appreciate the dednition and description in this repors, - The intercept half-piane is

deﬂnadas&zthak-planawhoseecgecmddeswﬁhﬂmhnkmsmdcom the SR.
Thus thers is a zalf-plane at Yipne = 00 and ¥

= 1800 wiick may have different inter-
ceptibility nrofiles d.e., ttxeymayx:mi:bev:ni.!':‘z ITor {mages) in each half-plane.

(€) TFigure 3-2 shows the intercept haif-plane geomecry, inciuding the orientation of
the SR in the plame. The SR is assumed o be looking at a portion of the beam specified
by TEETA, the off-axis angie. Note that THEETA is not decessarily the angle subtendad
by the SR and link axes at the transmittar, but the angie subtended at the scattering
volume. Iz order to simplify and minimize the amount of geomety required of the user,
saveral modes were designed which obtzin a2 proflle of the link scatter using only one or
two geometric parameters or e whole set. Tiese are described in the User!s Gui-e
later in this secton.

(0) The computer model uses a curved earth, and the equations for calculadon of
ranges ind altitude of points are cumbersome. They are derived using the geometry

in Figure 3-3. Using the law of cosines and solving inr each of the required variabie
leads to

EP -[(nz+s'r) + B +2 BE+ET) R cos <np)] 12 _gg

2
-1 (RE+sEDY? - mEsETY? R
DP = cos { 3 (REFETIR }

R = [®e+aD? cos’ ©F) - @zeED? + @ssER?] M2

-~ (RE+HT) cos DP)

These expressicns are used in Re rowines TSEADE apd SETTP. I the geomeny
specified by the user i3 such that the boctem of fe nk beam touches the earth between
the rapsmitter and receiver, 3 warzing is pmintad out.
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Figure 3-3. Geometrical Model Used to Derive Earth Cur-

-vacure Effects.
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Seczion 3 = The Compurter Medel
Subsection B — Description of Mathemaszical Models
2

. LIVK TRANSMITTER

(T) A simple model based on empirical data was developed o account or port scatter ard
the eects of hatlles,

(OND) The link ‘vansmittar is a sigxificant source of off-axis radiation. Due » differ-

~ /ecces in transmitter designs and quality of optics a variety of scattering profiles can
be postulated for a link transmitter, presenting a problem In modeling the off-axis
scatter,
(T) The transmiZer model assumes a beam divergence angle PEIT (¢4), suppiied
by the user. [f the user-supplied o4 violates the diffraction limit, a2 waming i3 prinecd,
Also required are the cptical power out the lens PT, and the lens diameter DT. For
cases voiving booding, the hood diametsr and length are reqguired. The cprics are
assumed circular. Figurs 3-4 {llustzates ths link tcansmitter.
(U) Lens hooding is sizmlated by 2 simple model that assumes a tood arbitrarily
larzer than the beam diameter, neglects diffraction by the hood (which is reasonahle
wben the kood only touches the sidelcbes) and assames a totally absorhing kocod interior.
Timns the scatter at 2 given angle is reduced by the percemtage of the zpermurs that is
hidden by the hood. Figure 3=¢ [llnstrates the behavior of this ngtion for several dif-
ferent apertire size to Rood diameter ratios. The case of equal hood diameter and
aperinre gize is the same as the optical tTapsier fnction of an ideal cireunlar aperture
(3-1}. . :
() The components of transmitter off-axis radiation can be separatad into a dif- .
fracted portion (sidelches) and 2 portion scattered foom the optical materials, whiek
includes surfaces and hulk scattaring of the lenses. At optical wavelengths with typ.cal
apermres the sidelobe structure is extremely fine, so an expression for the sideicbe
envelove as shown in Section 2 is used instead:

(o= 2= =& case.

DT (r¢y°

() Tke buik and surface scatter is treatad using a bidirectional scattering disti-
bution function (BSDF), 23 is developed in the literamre and dscussed in Section 2.
EZmpirical relationships for the BSDF obtined {rvm experimentation with varicus cp-
tical flats and lenses show that the funcdon is roughly linear in log spaca. Figure 3-3
{Tlustrates a typical carve for 20 oprical flat. As can be seea the slope i3 approxim-tely
-2.0, and the value at one degree is 2x10=3, Also shown on the fgure {3 a system BSDF
which, although not representing a part{cular systam, is typical in form of the exper-
imental data availahle on existing transmitiars. As can be seen, the funcHon i3 roughiy
a strzight line, with the exception of several 'glitches’ which could be due to intarnal
reflections peculiar o 2 pardcular design. Thus, apar: Zom the glitches, the BSDF
can be expressed as

BSDF (©) = 4 65

where A is the vaine of the BSDF at one degree, & the off-axis angle in degoees, ax:
B the siope of the curve.

) The 'glitches’ caa be accoumad for by using a fixed value for the BSDF at Ne
glitch. Thus the user of the program ust dedne (for each glitch) the starting angle,

3-5
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(U) amplitude, 2cd ending angle of the glitch, Up ‘o three glitches can be input. The i
sample BSDF curve shown {2 the Hgure is what the program would use if the user
specified a glitch from 1.7 0 2.7 degrees with an amplitade of 2x10~+ sr~i,

(@) I the BSDF tn a system is known, the BSDF subroutine can te ezsily repizced
by a user-surpiied function imerpoladng the experimentz] data. However, a good

egtimate of the transmittar scatiar can be outained for many 3SDF curves using the %
built-in model.
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Secdon 3 = The Computer Model
Subsection B - Cescripdon of Marhematical Modais

LINK RECEIVER AND BACXSTOP

(T) The reflection from the Unk receiver apd bacikstop are of significanca dus o their
location in the main beam. A model is descxibed whick accounts Sor diffuse and specular -
reflecdons from the receiver/hacistop combinarion.

-

(U) The Unk receiver is assumed to be collocated with a backstop (which can be posi-
doned in any oriert~=ion). Figure 3-6 illustratas the arTangement along with the angu-
lar conventions used in the program,

(T) The diameter of the cptics and hood dameter apd lengths are input & the pro-
g=2m, and the scheme is idemrical o that of the transmitier model, i.e., the scatter
off the receiver aperture (s assumed to be yrovor=ocnal o the vigible zrea. The haci-
Stop {8 assumed to be larze enough to block the main beam, and may be oxientad in
alevation angie by specifying PSIEL (¢EL) wiich {s the elevation orieatation of the
normal velative to the 09 or 130° intercept piane. Azimmth orientation is accomplished
by specification of PSIAZ (3, ), which is the angle of the projection of the gormal of
the bacicstop onto the 0° (posidve ¥4 7) or 1809 (negative 3, 7) intercept plane with the
lnk opHeal axis. Figure 3-7 illustrates these angies, along with the speculariy re-
flected component's ray. For aa arkifrary orieatation of the backstop, the direction

of the specular component {3 given by specifyirg which imtarcept plane it lies in. The
intercept plane angle 7;ns is given by ) :

o ik }

| simdyz - o0 o5

‘Ym- m.

The above expression will not give valnes from -130° to +180°9, but anly from -90°
+90°, so the FORTRAN fupction ATAN2 i3 used in the program to yield the corTecs
half-niane oxientation. This angle i{s printed out for the user in the input summary so
he may be informed of which intarcept plane to rum © get the specular component
'worst case’, .
(G) Two expressions are used to model the directional reflection dstriburion of the
backston, as discussed in Section 2. The simplest of these is 3 lamberdan reflectdon
model which corresponds 0 a diffuse reflector, containing no specular component.
The expression for the tackstop directional reflectance (BRDF) gy in this case is a
constant independent of angle ziven by

Py * < Ag

whers py (BDIFT) is the tota] diffnse reflectance of the backstop. The more compli-
cated model allows 3 gaussian-shaped specular comrponent along with 2 diffuse
{lambertian) componert. I tis case the fnll width of the specular component at half
=aximum § & (BFWEMS) is nput in deg-ees, along with the peak valus of the specuiar
and diffuse components., The axpression for SRDT is hen

4

-1 | Ay a2 2
fy(@) = 7 "d""’*spmi"*m (8=23)°/(68)7.
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() where
(BDIFF) = ‘otal dffuse directonal reflectancs of
Sackswp (0 <p d 51)

CBMAXS) = peak specular reflectance of
backsu:p {0 sAsp <w=)

) (PSIEFF) = angle between incoming beam apd
backstop normal

«

O (BFWHMS) = FWHM of specular companent.
(T) Thus the power at the SR due to the retlection is given by

Ps - b, cTAtp’a(er) ccser

32
T

where Pinc is the power incideat on the hackstop
T is the transmittance from the recajver to the SR -
Ar is the SR entrarnce aperture area -
pb(er) i3 the BRDF at the angle er
8 _ s the off-axis angle from the receiver to the SR

r

Rr is the range Srom the recziver to the SR.

(T) The reflection off the receiver optics uses an dentical model to the specunlar/
difhise comhination model of the backsinp. Eowever, in this case the specular com-
ponent {3 garTow and the diffuse component is smail, The smaller amount of power
incident on the optics (as compared o the backswop) and the fact that its reflacdions 2o
retroredected srimarily down the link axisg make the receiver optics scatier much
smaller than that of the backstop, so the program defanlts are set to ignore receives :
scatter. However, the user has the option of introduciog the components, !
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Section 3 -~ The Compwer Model
Subsecsion 3B =~ Descripdon of Mathematical Models

4. “Orr-Ax s RECZIVER AND BACKGROUND

)} The off-ens & receiver model includes specifications of detecticn type and sensitl- ity.
he wodel is dscussed iz light of expressions used in ths program and the bacicgwound model

-

¢ {s described. ) (
b . <32 The receiver (SR) ls only characierized suffliciently to obtain the .
§-  S desired output. For axample, a power computstion only requires the aperture area
1 ; (ASR) and the fleid of view (FOV) in the intercept half plane, as the background power

' is 20t required, and the 7OV in the cross-beam direction is assamed large enocugh to

4 . intercept the entire width of the link beam.
e (U ) In contrast, the expression for direct-detection signal-to-noise ratio, developed
in Section 2, is

o e

WMA)FB(PS*'PQ* A

where

Pq ®s) = signal power
e @) = modnlation depth of signal
B

(BWR) = SR electrical handwidth

F ® Nt ’
. 7 ETA) = quantom efficiency of the detactor
A (ALAM) = waveiength
-3 B = Planek's constant
¢ <) = speed of light
)

b @B) = background power

(C) Several paramsters deserve special consideration, in sartcular the NEP and
backgromnd power. The NEP is descrihed Zers as the noise power "with the lid on”.
Thus tids figure characterizes the entire SR detection system, incinding gain Hom = ;
device such as a photomuitipiier tube, Wt it does not incinde backgromd noise effacss. -
The background power is calcuiated based on the waveiength, and day/aight and meraor- F
ological conditions have a ver? strong influence on ke SNR cbserved. !
(T) The background mode! 1sed in the progrzm i3 composed of an earth blackbody !
carve and 2 solar irradiance table. The blackbody curre is only significant in the mid- !
to ‘ar-IR and uses the classical hiacikbody radiation expression discussed in Section 2. {
The solar backgzound is a line model 2ken from Cast [2-21. The program interpoliates
to get the solar irradizncs asstming am oprical air mass of 2, and the table incluces i
the solar line stoucare and awosplers Tansmission chamactaristics. A sunny day, 1
cioudy day or aight condition are t2e opticns available ‘o e program user,
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(U) In the case of heterodyne deteczon the sigral-to-noise ratlo is given by

sS.- rnk 2
N M TEa Y

whers
Ly (EXD) = local oscillator mixing eificiency
7 ETA) = detector quantum effciency
A ALAM) = wavelength
3 (BWR) = S8 electrical bandwidth
.1 ® = Plapck's constant
e (o3} = speed of light
M M) = moduiadion factor
Pg ®s) = gignal power,

In general this expression only represents the IF SNR, though in some cases it may
also represent the video SNR. It should therefore be used with care, especially when
radiometric detection is beirg evalnated. The mixing eificiency, which can have a
maximum value of 0.7, may also be lower in a practical system. Moreover, cotsrence
requirements may be only partially met in 2 random geometry. The calculated betero-
dyne SNR is thus felt to be of only marginal validity.
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Section 3 -~ The Computar Model
Subseczion B — Descriprion of Mathemarical Models

5. ATMCSPHERIC MCODELS

(@) Atmospheric edects play 2 major role in the intercepdbilily profiles of 2a==ow-geam Linis.
The scaciering and tTansmisgion models are discussed in this topic,

@ Eguation 2-66, the expression derived ‘or atmosphericaily scatiered power in
Section 2, is developed ‘or use in the computer model {n an squivalent differential form
as .
. 15 = PoAsasdos ‘1'1‘1‘2 1-"(61)
a(®) ¥ oo,
i L
where
Po &) = link toansmit power
A s (ASR) = SR aperm~e area
% (ALFSCT) = atmospheric scattering coefficient
dog (DPHED) = alement of SR FOV along beam
Ty ) = gtmospheric transmittance from transmitter
to scattaring volume element
Ty T2) = atmospheric iransmittance from scattering volume

element v SR
F(8) (FTEETA) atmospheric scattaring distribution fenction
Ry ®S) = range from scattering volume to SR
9 (THETA) angle of intercept of do 4 and the link beam.

This expression |s then numerically integmatad acroas the SR FCV in the program. It
can e seen that the atmospheric parameters are critical in the calculation of atmos-~
pheric scatler.

(T) The t>amsmittance from point to point in the atmosphere is given by
R

T=exp f c B)dz
°
mnmmmmum&mwng&ewmpm,m

R= length of propagasion path
ad)= altitnde-dspencent axtinc=on coeificient
h(z)= altiade of propagation point at 3 clstonce z alorg the path

The moutine used in the compoiar program uses 2 stepwise inregration 0 provide ail-
altitnde capabilily given 2 Smedon ah).
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(U) The absorption and scartering of the armosphere is diue to the molecular and
2erosol constituents of the azmmosphere. The scartering properdes (coefficients) are
dependent on particle gize and waveiengrth, but vary in 2 reiatively well-benaved man-
ner with wavelength for a given set ¢f ammospheric condiEons. The molzcular abscrp-
tdon however, has a very ine structure, due o its depexdence on the quantum stTucwars
of the atoms and moiecules in the armosphere., The mzny lines which make up the ab-
sorption gpecttum vary in inrensity (resonance strength) and width, and are not pre-
dictable using simple theory. Instead, a line compilation compcter program (such as
HITRAN) mnust be used, particuiarly in the case of laser propagation, where the line-
width is so narrow thar 3 derziled knowiedge of the armospheric strucmre in the neigh-
bortood of the laser line is required. For this reason 2 set of tables [3-3) is used in
the computer modei, ad for each waveiength option 2 subset of ive armospaeric types 1
are availabie, each with the choice of clear or hazy condition. The tables from the
reference 2iso coptait the altitude dependence of the parameters, giving the model an
all-aititude modeling capability. Table 3-2 is a sample of such a table. The computer
program has five built-in choices of these tables at wavelengrhs of . 5143, .6326, . 860,
1.06, and 10.391 um. The usger also has the option of inmutting 2 table for an optional
wavelength and using it in the program. If such a tabie is not available, the user may
select to use a fixad-coeificient system wiers the coeificients are supplied by the user.
This method has the advantage that experimental resulits may be compared with the
program when the coeificients were derermined experimentally; but on the other hand
the resuits are only good for near co-altitude geometries whers variation of atmospheric
provertiss over the altimie differences in the scenario are negligible, since only one
coeificient can be imput.

() The pormalized scattering fmction is dependent or many atmospheric parameters,
incinding relative rmidity and particle size distritution. The computation of such a
fimction for 2 specific set of conditions requires a Mie scattering calcaulation. After
examining the experimental and calculated curves available, two curvefit approxima-
ticns were chosen for the program. The first of these, given in Figure 3-8, is shown
superposed on mezsarements reported by Neila [3-4] for a wavelength of 1.06 um. The
second, st 10.6 ym, avpears in Figure 3-9, where the data is taken from the same
sourcs. In ths program the £xst carve is used to approximats F(6) for wavelengths
smmaller then 2 um and the 10. 6 pm carvefit is used for wavelengths greater than 2 um.
The normalizarion of the carves allows their use at any altimde with erzors only in the
particle size distribution.
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SectHon 3 ~ The Compuzer Model
Subsgecdon C - User's Guide o LACM 2.0 Computer ZTogram

1. COMPUTER PRCGRAM QVERVIEW

(T LACM 2.0. written in ANSI Torsran. i3 designed to be user oxiemsed, in thar it is izzer-
acdve and the uger is guided through his caleulation by the pregram, Teeizg Tm fom the
geed o laboriously prepars input data. ¢ adciiion, he can momior results and lgvestigats o
more detail those results dhat may {mrerest dm. Thus, 3 user may sit down at the teyminal

and in one session invesfigate a link, Srst determiming the critical parameters and then iz-
vestigating them in detail,

(T A simpliffied frmedcnal fow dlagram (s presectad in Figure 3-13 and {ldusteates
the general flow of e crogram. Appencgix 3 contains flow diagmams for each module.
The main roustine initally calls the inrerzctive npur routine wiich prompts the uger fcr
data on the link and the type of output he requires., TRhe interaciive routine, TSEARE,
is programmed so that only the parameters required o do what the user wants a~e
asked for. For example, if the user requires a power comrputation, the routine will -
not prompt Hmm for the background type, as it is not used. Adcitonally, defanlt valuas
are provided and dsplayed to the user so e can see what sort of input i3 expected of
him, (After exscuting a run the user has the option of changing a few inputs without
having to go through the whole process, unleds ze makes a change that requires more
inputs than he previcusly had specified.) Cnce the link parameters and run type flags
have beea set, the computational routines are called and execute the run. The user
Ras the opdon o receive an input swmmary and © write the output on aay fle he chooses,
or skip the output if all he desires ig a plot.
(U) As can be seen in the Sgure, two different principal computational routines are-
available, one for 2 space--ground scenario called STOG znd the other for narTow-
beam amalysis, called SETUP becanse it sets up the mode geometries, whick will be-
described in more derail later on. In the former case, the user will have determinec if
he desires to compure the racius of the link beam at the ground or desires o input it;
12 it i3 0 be compured, subroutine STBEAM is called to do the computation. The power
at the off-axis receiver is computed, and printed. In the case of 2 narrow-beam lnk,
SETTUP calls computational routines as aeeded ‘o gemerate 3 SNR or power prozils of the
link, Control then remms o the main program whers the graphics toutines are called,
if available, Graphics are dighly installation depencent, and are 30t required o mun the
program. Taking irto account the installation's ecuipment a zger can write i grapoics
routine hest suited o his use.

Afler a run is completa, the user can run a2 sensitivity apalysis in which he may
vary the atmospiberic, port scatizr, and reflectance parameters 0 determine how ur-
cerwainties in them may affect his concinsions about 2 Unk., The user can then begin
a gew rm, or is may swop execution I he is dona.
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Figure 3-13. Simplified Flow Diagram of LaCM 2.0
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Section 3 = The Computer Model
Subsection C -~ Tser's Guids » LACM 2.0 Computer Program

2. INPUT DESCRIPTION

5] In‘d:iswpicthemm:oLACMZ.Omdeﬁnedudﬁemcem.cruangﬁeimm
Hve routins {3 described.

(T) Tie ECKSTROM Computer Yodel i{g irteracHve and bas 2 very Sexibie input
reutine that is cesigned to allow an arnalyst (o use the computer without extansive pro-
gramming experience, A,.thougz the model is designed o be imteractive, slight mod..-

{Scatdons will enav’2 mmag of the program in 3 bateh (background) procesgsing en- - .
viromment, a3 described in Appendix B.
(T) Flgure 3-14 lusirates the {orut procedure. The user calls the program, and

the program beging executing, The Srgt parameter he is asked for {3 the link wave-
length, Flve choices are pre-sef, and a sixth choice allows any other waveleagth as

a seiection. (The szmple input in the Sgure i3 somewhat system dependeat. The
question mark under the prompt statemesnt i3 systam generatad, and the [BM TSO sys~
tem allows defauling to the preseat value in core by simply tutdng in 2 comma.) The
selection of 4 then sets the waveleagth t0 1,06 . (However, all inpurs except optical
bandwidth are in MXS units). The standard Frompt Tessage has an input code followed
by the variable name, description, and default value. A set of partal prompt messages
can be used instead by typing in an ead-of-dle masker (/> on [BM) as an izput. Det:.ls
of this are described in Appendix B.
(@ The user {3 prompted for the atmospheric model he wants., He hag two ogdons.:

{o enter uis own absorption and scatiering coefcients (USER), or o use the AFGL iata
which provides an ali-altitude capability. If AFGL data ig selected and the user has
selected a non~default wavelength (.e., CTHER) a1 complete set of data for that wave-
length will be expected by the program, and the user #ill be asked which unit the datz :
will be read off of, This data is to be formatted in a2 6X, TES. 2 format with two cards
per row of data from the table of AFGL data, sbown in Table 3-2, I[n the case thata ‘
defaulted wavelength is selected, the data {3 in core and the program proceeds to the

next prompt messages, requesticg the atmospheric model tyre and visikility., Ref-

erence 3-3 containg a detailed description of these models and should be readfly avail-

able ‘o the user, so they will not be described further,

(T) The next inputs are more straightiorward; the transmitter optics dametar anz

beamwidth are input., I the Seamwidth is less than the diffraction Imit, a2 messagn:

with the dffraction limitad beamwidth i{s printad ard the beamwidth is requestad ag-in,

which must be greater than the dffraction limjited teamwidth. The BSDF model (pore

scatter) is required, with a defaull avaflable; or, if USER is selected, the siope, intar-

cept, and 'glitches’ of the BSDF are requested, as described in the previcus subsection.

(U) The next group of inputs specify the hackstop charactaristics and oxientation.

The user can select either a lamber<an backstop or ome with 2 specuiar comrponent.

The defauit has a3 3° specular somponent, but the user should &7 o fnd what model

best suits his backstop., The lamberwan model recuires a reflection coetficieat, and .
‘he specular model Tequires the dhse refleczon and ‘e specalar amplitude and width., .

Tae asxt inputs, PSIAZ and PSIEL. allow the haciswo 0 te dlted sack and ‘orth or

up and down relative {o the defaul’ position xormal o ‘he lnk Searn, The receiver

scafttering is the next imput and i{s specifed {= the same manner ag the >ackstp, buving

3 specular aad diffuse compogent,
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(C) The power mansmitted, PT, is requiTed in watts, {ollowed by the link range and
the altitudes of the link transmitier ard link receiver. Note that the SR alfitude is
specified by the parameters X, RPX, and GAMINT, as described in the geomerry
description and illustrated in Figmye 5-1.

(T) Two flags are set next, MCOMP, and MP. Tie jrogTam can be instracied
compute the power, or sigmal-w-acise ratio, and it can isolate the sources of scattered
radiation o the atmosphere, transmitter, or receiver/backstop combination, or it can
provide the total from aIl sousces. As desczibed later, the ourput tabies will break
these components out so the user can see the sigrificance of each.

@) The next parameters describe the off -axs » receiver, its detection charac-
teristics, and select the background type. The user {5 allowed & default the charac-
taeristces but this is 2ot recommended in general, Two detecdoan types are allowed,
direct detection and heterodyne detection. The SNR expressions for the dffersar de-
tection types require different parameters, as spown in the previous subsecdon., The
parametars common © both are the electxonic bandwidth of the SR (BW), the quantum
efficiency ETA, and the moduiation depth XM. In the case of drect detection a noise
factor T is specified, along with the system NEP, and the optical bandwidth BWOPT

of the prederecton background Jlter. If hetarodyne detection is selected the mixirg
efSciency £M is required. Note that in the sampie input session in Figure 3-14 32 wave-
length of less than 2 «m was seiected, so that the choice of direct detection was assumed
automatically.

(V) The area of the of{-axS yreceiver, ASR, !s required for all cases, as is the
FOV in the intercept plane, PEI. For cases whers the backgzround power is computed
2 sscond ioput PEIAZ is required. Tkis is the FOV s the plane orthogonal to the
intsrcept plane, intersecting the intercept plane along the SR optical axis.

(U) The last few ioputs are the hood lengths of the wansmitler and link receiver.

If the lengths are greater than zero their dlameters are also requestad by the program,
as {llustrated for the receiver hood. The final input we describe here is the intercept
plane orientation angle, GAMINT. Figure 3-1 shows bow this angle defines the inter-
cept nalf-plane.

(U) The last few iaputs select the modes and their related parameters and will be
discussed In detail in the next tepic.

() Flgure 3-13 i3 a listing of the izput summary that the user can request, Tie
inpur sammery contzing the iaput variables and presents them in an orderly fasoion.
One parameter gppears which merits special attention, and that is the angie of the
intareept half-plane contaiming the speculariy reflected component of the bacikstop,
described in deczil in Subsecsion 3. The rest of the summary is self explanaory.

(U) The space-to-ground izmut is invoked by specifying a transmitter aliituds of more
than 100, 000 meters. The SR distance to the beam i3 required, and the user either
can inour the beamm radius and peak intensity at ground level, or have those parameters
calculated. If they are to be calculazed several other parametars are required. The
platform jitter, specified in r.cians, will broaden the beamshape. Platform jittar
quantifies the stakility of the transmitier platform, as described in Subsection 3.

() Tahle 3=-3 stznmarizes the hierarchy of the {nputs and will te useful o the user
curizg a session io making changss between runs.,

) Table 3-2 in Appendix B listc the {opur variables, their type, and any lUmitations
or comment3 that are 10t covious.
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INPUT
CODE VARIABLE OESCRIFTION DEFAULT

call eck(maln === CALL PROGRAM

INTERCEPTISILITY ANALYSIS PROGRA4 = 3NTZR 1| TO START
!

1 LAK — AAVELENGTH IMDEX 4
(1=.5145 2=.6328 3=.35 4=i.06 5=10.391 &=0THER)

i

4o—===SELSCT 1.08 um

28 IA - ATMOSPHERICS (1=USER 2<AFGL) i

?

2= SELECTT™ ARGL DATA
MAT — ALMUSPRERIC MUUEL 2

| = TROPICAL
2 = ALYLATITUQE SUMMEX
3 = AIDLATITUDE »[NTEH

4 = SUBARCTIC SUMMER
5 = SUBARCLIC nidTSR

? COMMA TO USE DEFAULT VALUE OF 2
* WVLS == VISISILITY (1=CLSAR 2-rALY) i
?
2

2 T - THANSMITIZH OFlICS DIAMETEN, M 0.100 .
1
ol

3 PHIT = THANSWITTER SEAMmIDIH, RADIANS ! . OCOE=04
. ‘
" 31 IBSUF == dSDF. (1=-DEFAULT, 2-USEx) Coy T
? .
2

YHSOF = 35SOF Y=INTExCESPT AT | LESWSS 2.000E+02

¥4 -
’ SUSCE = 3SOF SLOPS (LUG=LOG) -2.50CE+C0
K4
! . — NUMBER OF GLITCHES (0 = 1) 0
5

4 DN — LINK RECSIVEX OFYICS ODIAMETER, N 0.100

-~

32 NEAK — BACKSIUF (1-USFAULT, 2-USeR, 3~LAMBERTIAN)

BUlPFF == REFLECTION CUEFFICQIENT
(LAMBESTIAN MOOEL, =5. 1)

\5
44 PSIAZ = AZ., ORIENTATION OF 3ACKSTOP (ZES) Q.0
0 = NCRMAL TU 3Eas
?
0.0

!

vi-1i008

Figure 314, Ulusmaden of [nteracmve Session (1 of 3)
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INPUT  VARIABLE CESCRIPTION DEFAULT s
T |
- PS1SL = ZL. ORIZNTATION OF 3ACKXSTOP (DES) 0.0
0 = NORMAL TO SEAM
: ?
N " 33 NOA = RCVR SCATTER (1-DEFAULT, 2-USER) |
< ?
-\\i - ]
f , PT — TRANSKIT POWEH, nATTS I . 0COE+00 j
.? E
. 3
% "8 WL — LINK RANGE, METERS 5.00CE+03 3
: ? 1
| ! 9 Al — ALTITUCE OF TRANSMITTER, XKETSHS I . 000E+0!
o ?
3 - 20
} , e — ALTITUCE OF LINK HECZIVER, | « 0OCE+CI
t 20 '
g 25 MCOMP == COMPUTE  1=PORER  2=S/N RATIO |
/ ? ]
! -2 ,t )
; 5 P ~— SOURCE? i~35UM, 2=ATM, 3=TH, 4=RC | 1
b ? 1 ‘
i ! S
! « 13 IRTYPE — Se TYPE (1=-DEFAULT, 2-USER INPUT) 2
1 | ? ' _
b i
{ 14 XM - KODULATION DEPTH 1 . 000 {
?
- ' 16 ETA = QUANTUM SFFICIENCY OF LETZCTUR - 0.700 ,
2 ]
] ;
d ]
T — EXCESS NOISE FACTOR | . O0OE+C0 | ;
? |
" |8  BaR = 3ANOMIDTH OF SR, HZ | . COOE+06 ;
2
e PNEP == NOISE EQUIVALENT POnER OF SR | .000E=12
?
3 " 29 @nOPT = Su OPTICAL BANORICTH, WICRONS 5. 000E=02
. ?
h []

30 NFLG = |=SUMNY 2=CLOUDY Z=NIGHTTIME }

Figure 3-i4. Uluscradon cf Interactive Session (2 of 3)
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OEFAULT

l

|

\
I . QOQE+04
5.COCE=02
I . CCOE=02

| « CCOE=C2
Q.0

2.35C0E+03

| « COQE+Q3

INPUT VARIASLE DESCRIFTION
i 1
- 14
{ T - LINK SANDWIDTH, HZ
" «
' 12 ase — AREA OF SH APENTUHE, SQ. XETSHS
?
e}
11 Pl - S Sl=LD OF V{gEn, RALIANS
7
S.a=~3
49 PHIAL == Si FIELD OF YI[Es (ALIMUTH), RAD
S.e=3
20 sl - HOOQ LENGCT:H 0F TRAMSMITIER, M
. .
0. * ’
. 21 alut - 400D LENGTH OF RECEIVESR, M
?
.Ol -
43 3ok - WECEIVEH AWOD DIAMETER, M
?
' 41 GAMLaT = ANGLE OF INTEHCEST PLAME, DES
0 FOR HOR[ZONTAL SLANE
? ) .
' 26 AOLE - SELSCT QUTPUT WOUE (7 SOR INEQ)
? .
i -
23 APX - J[STANCE FHRCM XWTH [0 Z[SECTOR, M
?
v
24 X -— PENPENUICULAR DIST TO SEAM AXIS, M
s
’
END OF [NPU(S
S0 YOU niSi TO CHANGE AnYIHING? 1=YSS 2=NO 3=ALll
;/ NO, PROCEED (ALLCWS TO CORRELT ERRCORS)
D0 YOU nANT A LUl SUAMARY Y Juri@)  1=YkS
{ VvES (SHOWN IN NEXT FIGURE}

AR1t1]

Figure 3-14. [uscadon of [aceraczve Session (3 of 3)
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SCENARIQ GEUMETHY

LINK HANGE, W ==
2C ALT, A ———————
SACKGROUND TYPE =

LiInK PARHAMAETERS -

"AV-;LENGTA v M ——
#C 11000 LENGTH, A=
RC XD DIA., M —

SH PAxAKETERS

LINEAA POV, RAD =
FOY ACRQOSS BzAM, R
OPT an, MICRUNS -—
A0Qe UVEFTH, =—e—e——
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2.0CCE+QI
SUNNY

| «Q60E=06
S.10cco
0.0l
0.10

5.CCOE=-Q3
3.0CCE=Q3
5.000&=02

l.COo
1 . CCOE+06

INTERCEPT MOCE PARAMETERS

AQUE [YpE
APX, ME[TENS =
S PLANE, DEG ~——

ATMOSPHERIC PARAMETER

vaTa SOURCE
miOLATITUDE SUMMER

!
2.50Q0E+Q3
C.0

AFGL

S ALT, M

Tr APERTURE, M —
fR HOOD LENGTH, 4
T2 HOOD DIA., ¥ =—
Tr SEAM nlDTH,RAD

APSRTURE, SQ.M. =
LETECTION TYPE, -
NEP, n/RT .0, ==
SXCESS NOLSE e
QUANTUM EFF, ==

QUTPUT TYPE =
SPECULAR GAMINT -

vISISILITY IS

COBFFICIANTS FOR 0 TO 1000 MET=ZHS ALTITUDE

SCAL CUEs I/m

SCAT.L2MING CAZA ~UR TRANSMITIZR, RECZIVER, AND BACKSTCP

gSlr MOUEL TYPE =
NONLIWEARITIES ===

3ACKSTOP TYPE =
3ACK3STOP AZ, B9

GCA IYPE ===
SPECULAR MAX -

2.0C8E=04

AVERAGE
Q

LAMBERT LAN

C.0

UNKNOnN
C.C

ABS CUEF, /M ==

3S0F SLOPE DB/Db
8SDF INTERCEFT

REFLECTION ClEs =
SACKSTOP 2L, DEG

VIFFJSE [EVEL =
SPECULAR n]DTH, 2

2.CC0e~+0!
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I « OCOE+CO

0.10CCOo
O-O
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C.05C0
DIR

| « OCCE=-12
I« OCCE~CQ
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S/N, Ob
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=2AZY
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Figure 3-15. Sampie Inpur Summary
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TABLE 3-3. INPUT HIERARCHY OF TSHARE ROUTINE. EACE INPUT
CODE HAS ONE OR MORE VARIABLES [T ACCESSES.

INPUT EIERARCAY ;'
N Code loput Variables ;
‘ Ty 1 Wavelength
5 28 Atz:ospherics

Optional - Input absorption & scattering coeificients
- Read in new AFGL tables

Traansmitter Cptics
Transmittar Beamwidth
BSDF Modal

Optional - BSDF Slope
-~ BSDT Iatercept
= Glitches

Link Receiver Optics

Baclstop Type

- Diffuse Reflectance
= Specular Width & Maximum

Backstop Orientation

- Azimuth
-« Elevation

Link Transmit Power
Link Range
Transmitier Alfitnds
Link Receiver Altitude

Space-to-Ground Flag
-1 Space-to-Grownd--

= Qff-axis Digtance
- SR Elevation Angle
= Ground-Level Altitude
= Besm Computation Flag
- Jiitar
- Tl s
= Beam Radius
[ntensity on Axis
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TABLE 3-3. INPUT HIERARCEHY OF TSEARE ROUTINE. EACH INPUT
. CODE HAS ONE OR MCRE VARIABLES [T ACCESSES. (Continned)

1 Cote Input Vaziables
2s Computation Flag (Power or SNR)
4 5 Source of Scatter Flag
=For SNR Cases—
14 = Modulation Depth
45 = Detection Type (Direct or Heterodyne)
. 15 - Heterodyne Mixing ESfciency
. © 18 - Quantum Efficiency
17 - Noise Figure (Direct Detaction)
18 ~' SR Bandwidth
¢ 19 - SR YEROi-
29 = sy P
30 =~ Background Type (Direct Detection)

7 - Link Bandwidth
2 SR Aperture )
11 SR FOV (In Iotercept Plane)
40 SR AZ FOV (Qut of Plane)
20 Transmitter Eood Length
42 Transmitter Ecod Diameter
21 Receiver Hood Leagth
43 Receiver Hood Ciametar
22 SR Altitude (Space-io-Ground Case)
41 Iotercept Ealf-Plane Orieatation
28 Mode Type

= RPX (Modes 1-3)
= X (Modes 1-3)
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Section 3 — The Corcputer Model ,
Sutseczion C - Usar's Guide to LACM 2.0 Computer Progzam

3. DESCRIPTION OF MODES AND QUTPUT
(T) The intercept modes are designed to {re= the program user from setting up a sxg::..ﬂ.cant

amount of the geometTy needed to do 2 calculation. Each mode goes through a sequa:ce. mov-
ing or orienting the SR like a2 probe to produce a power or SNR protile of the linic,

Tea (G) The calculation of power at an off-axis paint requires five coordinates, three to
) define the SR position in three-dimensional space, and two to define {ts orientation. =
In the geometiry ectzblished and dscussed previcusly, the SR and its optical axis are<
confined to the intercept half-piane and thus oniy three coordinates remain to he svec-
ifled once the intercept half plane has been specified. The position cf the SR in the =
intercept haif-nlane can be specified by its off-axis distance X and its downrange dis=-
tance RPX. Note that RPX may be negative (in the transmitter's rear hemisphere) or
positive, while X must aiways be pesitive, 'l'he first :.‘:r-e medes go through 2 set of

- standaxrd points, while Modes 4 3 { cower or SNR about the link
axis in the intercept half-plane.
» (C) In Mode 1 the SR position is y the input values of . e o

. axis of the SR is slewed from the t'-a.nsmxt‘er to the receiver, mc'e::enﬁng the ori-

b entation angle § by one degree near to the transmitter and receiver, and by no mors -

- : than ten degrees in between, to yield a total of about 37 points. As illustrated in Fig-
ure 3-16, Mode 1 is ideal for evaluation of the poime (RPX,X) as a potential SR locatian.,
(T) Figure 3-17 is a samnple output table for 2 typical Mode 1 case. The signal-to-'
noise ratio in dB is listed, along with the power contributed by each sourcs considered.
As would be expected, the transmitter {3 seen first, and when 6 is incremented it is
no looger in the SR fleld of view. When the receiver falls into the Seld of view, the
mode is compiete. In Mode 1 the edge of the FQV i3 on the transmitter to maximize the
atmospheric scatter visible, and on the cpposite edge for the receiver/backstop., Wiaen
the data is plotzed (Flgure 3-18) the transmitter and receiver contribution show up
cleariy. It may seem odd that the receiver contxibution in this case is almost equal
{0 the transmitter contribution; however, the transmitter scatter i3 very strong at
small angles while the backstop is a lambertian reflector, and at 22 degrees ol nor-
mal ths transmitter scatier has dropped down significantly, while the backstop has maly
drovped by 7% from its maximum vaine.

() In Mode 2 the SR views a fixed point along the beam, and {s incrementad to ef-
fectively move ths SR about the point with the csnter of the FOV oriented toward thv.-
point., Note that atmogspheric transmission losses are (for a narrow FOV) constant
for Mode 2, while in the Mode -1 geometry the path length from transmitter to scat-
tering volume to SR increases with increasing 6. Another geometric factor is that
the scattaring volume, deflned by the intersection of e link axis and SR FOV, is
caanging with 9 , and {s minimized at 20 degzees. The cutput of Mode 2 will show

the scattering distribution funcrion F(g) very strongly, multiplied by the geometric
scaling of the scattering volume. A sample cutput table has not been included, as it
is identical in {form to the table for Mode 1. The data is plotted in Figure 3-18 for
comparison with Modas 1 and 3. In this samule case the fxed point is located haifway
down the link axis,

(TY Mode 2 has great utility in lcoidng ar the sor: or receiver/backstop scatter. 3y
zositioning the fixed point ar e transmitter (RPX=0.) or at i~ receiver (RPX = R
the Unk range) the angular scattering preille can Se generatad. Since the SR orientaﬁon
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goes from 1 to 179 degrees, the ~ransmitter profile will have 2o {ransmitter contribu-
ticn for angies greater than 30 degrees, and the receiver will aot have any ffom 1 to

90 degrees, uniess the backstop is oriented away from the perpendicular to face the
intercept half-plane. It should also be noted that in Mods 2 the X and RPX inputs define
the distance from the scattering volrme o SR and transmitter to scattsring voimme
respectively rather than the SR location.

(U) Mode 3 is similar o Mods 2 in that a fixed point {n the link begm is observed.
However, the SR i{s moved along a parailel to the linik beam in the intercept half-piane and
thus at angles approaching 0 or 150 degrees ths range from the SR to the fixed point
becomes large. This causes the intensity to drop down due to attenuation, a3 {llus-
trated by the Mode 3 curve in Figure 3-18, Cne interesting feature of this particular
sampie curve is that it reaches 2 maximum at sbout 10 degrees. It therefore predic:s
that minimizing the intercest angle does not necessarily maximize the availanle power

if cne is confined to a certain oif-axis distance., This resuits because of tradecifs be-
tween scattering distribution F(9), tTansmission, and transmitter scatter characteristies.
(U) Modes 4 and 5 generate contours about the link using an iterative method. In
Mode 4, the SR i{s assumed to always look at the transmitter and that portion of the
beam immediately in front of it, within the SR FOV. As shown in Figure 3-19, begic~
ning at ap angle & of one degree-the SR position is adjusted until a desired contour level
{s found on the ofif-axis ray. The SR coordinates at that point are then stored, ¢ is
incrementad, and the next point is searched for. The increment used is smaller for

the small angies, and gets larger with 4 until it reaches a maximum of 2. 5, so that

the paints are spaced more evenly in X and RPX.

() Mode 5 uses the same procedure a2s Mode 4 (Figure 3~19) but the contours repre-
sent ths total collectible power at the SR from the entre link, if a FOV encompassing
the transmitter, receiver, and beam were used. It is recommended Mode 5 be used

for power contours rather than SNR because the SR FOV {s used cnly as a probe, and
the background poise will not be computed for the entire composite FOV, but only for

the probe FOV. (The program will not computs SNR for Mode 3 but the user can remove
the restriction in ths imput routine). -

(U) TFlgure 3-21 compares plots for Modes 4 and S at the same contour level. Tle
Mode 5 Jiots were run with the bacistop and receiver at § and 10 k=m. (The ragged
effect is dune to the convergence critaria, indicating hers that the power is changing
slowly with distance becauss the 2% convergence criterion is satisfled by many poines
just off the actual curve), Note the receiver reflections at § and 10 km for the re-
spective cases. Note aiso thas the scales are not identical, {.e., the average (X)

scale goes out to 500 meters, but the downrage (RFPX) scale goes out to 12 km. The
first point to the right is at one degree off the link axis at the transmittar, since the
models are limited to one degree off the axis.
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Secrdon 3 = The Compuzar Model
Sutseczion C —~ User's Guide o LACM 2.0 Computer Program

4. CRAPHICS USAGE
(C) Computer zenerated graphics are highly device depeadens, so the basic LACM 2.0 Com~

puter model allows the user o supply his own. This topic descTihes some opdons thar may
be availabie ‘0 the user even wken he hzs oo plotding deviges.

(U) As can be seen by examining the previous topics and the computer runs presented
in Section 4, grarhics are very ugeinl ir presenting a larze amount of data in 2 mean-
ingful manner. In zarticular, the contour plots should prove much mors useful in
practice than the raw data points. For tiis reascn the main routine calls subrourine
GRATIX after it Snishes computng a set of points generated for the chosen mode., The
SUGHES [BM TSO (time sharing ovticn) on wiich this progam was developed did ot
have on-line (at the terminal) grapanics, 30 *he piot dle was generated, stored on disc,
and later plotted.
(U) Several cptions are possibie in the selection of a Zraphics procedurs, and the
most general in order of increasing remota~-tarminal complexity are:

e printer plot/store data

e prizter plot/swre piot Ales

e on-scTeen graphics/hard copy
The arst two optlons are possikilities for termipals that do oot provide graphkics
capakility, such as 2 simmple taietype, while the third option would require 2 much -
more advanced tarminal,
(U) Tte printer plot is a useful aid to the apalyst because it provides crude on-ths-
spot graphics capability. The poor resolution limits its utility, as shown by the ex-
ample in Flgure 2-22, since demils are easy to overlook or may 2ot appear. However,
it is quick and, in the case where the terminal printing speed is oot o slow, is of use
when other graphics are not readily availahle. The Jrst option is to use a printer plot,
writs the output on a file, and either plot by hand or use another plotting program.
(U) The second option (uded at Eughes in develoving the program) i3 to generate a
printer plot (if desired) and Imteractively creata the plot 3le on dise. The Hughes"
system allows the user o cregte 2 plot frame and plot one or more curves, The ac-
vantages o thig are that he can select "'mice’ bounds for his plots, input Htles, and
preview the picts via the primxter piot to select the curves he wants plottad. Afler

is executed, the plots are routed o ag on-line piotter at an ourput centsr.

Sanples of these plots appear {n this repori. A3 an e:m:.pla Flgure 3-22 i3 the
printer plot generated before the Mode~1 curve of Figure 3-13 was plottad out.
(T) The on-screen graphics option is of course the most atiractive 0 an analyst or
programmer, but such ter=inals are still costly and not readily availahle v many
users.
(7) Due o the widaly varring tyves and capabilies of svstams in use in scientific
computing, Sughes has chosen ® write a routine o suit its own system and let the
LACM 2.0 user writa his own. Zowever, the user should be reminded that graphics
are not essential ® the operation of the prograrm and the call 4o GRAFIX can be

deleted witle the program is being used, until 3 suitable graphics package can he
obtained or written by the user.
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Seczion 3 — The Compuier Model ) .
Subsection C — User's Guids to LACM 2. 0 Computer Progrzm -

5. PROGRAM LIMITATIONS

(T The LACM 2.0 program ses methods, data, 2nd assumptions that impose limitations on
its use or the validity of its ourput., [mprTOUper use of the mrogram will be less likely if the
Hmitations ave underswoed by the user.

() Due to the compiexity of LACYH 2.0 it i3 impossible to {oresee every situation
that a uger w1l wars o anzlyze, so the Uimitaions #1il] te stated in the most generai
o™ possible. Most of the limitations result directly Zom the models used by the
program. It is assumed that 2 user/analyst will 2ave 3 good working understandisg
of the models as described in this Tepors, so that he can properiy input data and cor-
rectly interpret the resuit. Bowever, the program smructure and operadon is simpie
encugh % be run by someore with 2 cursory knowledge of the modeis to check the
program o see that it executes properiy on a Ziven system.

(U) The previous Umitatiops of the LACM 1.0 intercepcihility program are largely.
solved in the present program, as illustrated in Table 3-3. The currTent limitations
ar= of 2 more specific zature, a3 the basic model has provea © perdorm adequately
under pathological testing, (Pathological tesdrg involves runming the program with
extyemes {n data, for example, using a link range of one meter.) Tahle B-2 Ap-
pendix B contains conmments about the input variznles, but the restrictions axe of a
"commaon Jense’’ type, such as making the ttansmitier hood dlameter at least as larze
as the optics it hoods, The lmitations described here summarize the lim{tations of
the models, and aTe presentad in Table 3=. It should e noted that many of these
Iixitations could be overcome o a sigmficant extant by more extensive modeling, as.
suggested in the summary o this section.

TABLE 3-3. (U) LACM 1.0 INTERCEPTIBILITY RESTRICTIONS (N
Previous Limitation G Pregent Improvement

e Flat Earth Model Curred earth included
o Low Altitude Atmosphere Modeis More detailed models for all altitndes

e First Order Seamscatier Functon | Expanded, more detailed function based on
esperiment

o Flrst Order Geometry Exact zpnalytical forms

e NO Error Limits Determined major sources of uncertainty;
provided means of sensitivity analysis

Defanited sets provided
Poiat comparison with experiment
Added <2=rouizdon ‘o rourines

¢ Requirement {or Weather Data Set
o Untastad Model
e Yo Provision for Intercept S/N

!
4
i
{
i
|
i
i
|
i
i
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TABLE 3-4. (U) STMMARY LOMITATIONS AND ASSUTMPTIONS OF TEE
LaCM 2.9 MODEL (U)

Modei

i

Limitation/Assumption

General

!
]
1
|
!
!

e SR omentation § = 1°

e SR does not have access to main beam
e OQveraior manipulation is required for

scenario interacton other than backswtop
& atmospneric variations

Lo Transmitter

Modeled as a point source

Sdelobes are smoothed

Baffle agsumed 100% 2bsorpdve
Axial scatiering symmetry asswmed

IR SN .IQ-

Link Receiver/Backstop

Lo A e

Modeled as a point source
Has only one specular component

e Backstop always collocated on Unk axis

| Signal-to-Neoise Model

¢ Heterodyne expression ylelds IT valus
o Does not account {or moduiation type

Atmospaerics

Horizontally homogeneous (no local
variations)

F(8) is fixed

Singie scattering only

Atmospheric multipatk aeglected

Data tables required jor optonal wavelengths

Ba.ckpaundv

Assumes fixed solar geometry independent
of SR ordentation

Assumes 20 dB cloudy day to sunny day
difference

Space-to-Ground Case

o Vertcal link assumed
e Gaussian proflle assumed

UNCLASSIFIED

(29 sidelobe structure)
Power caicaizdion only
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APPENDIX B - LACM 2.0 FLOW DIAGRAMS, MODULE DESCRIPTIONS,
AND JCL

The purpose of this appendix is to provide a programmer/analyst a starting
point in modifying LACM 2.0. It contains descriptions of the source modules, a
detailed listing of the program inputs, and module flow diagrams. The appendix
begins with a brief discussion of the Job Control Language (JCL) used at Hughes.

JOB CONTROL LANGUAGE (JCL)

The JCL used at Hughes to run LACM 2.0 consists of TSO (Time Sharing Options)
command procedures (CLISTS). The CLISTS used are listed in Figure B-1.

The first CLIST, named GETSET. CLISTS is used prior to running the program.
Execution of GETSET allocates the datasets to be used in the program to the appro-
priate logical units. The user's terminal is represented by dataset (* and is allocated
to logical unit 5. Logical unit 5 is used to read the data, which the user must input
from his keyboard (prompt messages are written on unit 6, but the TSO system auto-
matically allocates the terminal to unit 6 so it doesn't appear in GETSET). If an end-
of-file marker (/* on IBM system) is encountered on unit 5, the next file on unit 5 will
be read from in subsequent read instructions unless no other file numbers have been
allocated. For example, the first read will be made on the first file of unit 5,
designated FTOSF001. The first end-of-file marker read in from the terminal will
cause it to branch if an END= (end-of-file mark) is encountered, and it will read next
from file 2 of unit 5, FT0O5F002. However, the terminal is also allocated to this file
so the user will not notice any difference; and all he has done is to make the program
branch to a preset portion of code up to ten times; the eleventh file is not allocated.
This is not a problem in actuality, since this feature is only used to switch prompt
mode and should not be needed more than a few times in a session. The last instruc-
tion in the CLIST allocates a dataset named PLOT. DATA for plotter output. The
raw plot data for the plotter generated in the plotting routines will be written on the
dataset to be kept until plotted out using the CLIST named GETPLT.CLIST, also in

To compile the FORTRAN source and resolve external references, two CLISTs
are used. The CLIST named FORTPL. CLIST compiles the graphics routines in data
set GRAFIX, FORT and loads the object module into a data set named LINKEM, CLIST.
The CLIST named LINEM.CLIST compiles the rest of the source (located in data set
ECKI1. FORT), .inks it with the plotting routines, and resolves external references
from the FORTLIB, SCIN, PGMLIB, and SCIN. SCILIB libraries. The load module is
placed in data set ECK. LOAD and a message is printed on the terminal telling the
user the program may be exectcted by typing 'CALL ECK(MAIN)'.

The libraries referenced coatain the plotting routines and the interpolative
routine used in subroutine BACK.

Usually the program is ready to execute, so the user only needs to execute the
CLIST GETSET. CLIST and call the program without having to compile and linkedit,
uniess he has modified the source code. Note that if the user 'vants to write the
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output on a unit other than unit ¢, he must have allocated the unit prior to running the
program, since the program will ask him for the logical unit number.

MODULE DESCRIPTIONS

The module descriptions that follow are not intended to fully describe the entire
module in detail. The modules are commented and thus the source code contains a
great deal of information, so the material presented here describes the general fea-
tures of the modules and explains unusual portions of code. Table B-1 presents a

summary of the modules, their function in the program, and flow diagrams for the
modules appear in the following pages.

This is the routine that directs the flow of the program, reading the input, calling {
the routines to compute the output and generate graphics. The first read statement !
reads a flag which is 1 for time-sharing. The write statement immediately proceding

it prompts the interactive user to start by entering a 1. Note that the interactive input

routine TSHARE is called or the program skips to read the inputs in formatted form in

the case of batch (background) processing. The rest of the program flow is straight-

forward, as {dlustrated in Figure B-2. Note that a few interactive write/read combina-

tions are in the code but are skipped in the batch mode. In all cases the interactive

user is prompted for his input.

BLOCK DATA

The input variables and constants are initialized (defaulted) in this portion of
code. Most of the data is for the atmospheric model and consists of scattering and
absorption coefficients for the aerosol and molecular atmospheric constituents,

Subroutine TSHARE

This subroutine, shown in Figure B-3, does the bulk of the interactive inputs.
It promy. s the user for information, taking into account what choices he already has
made about his system, scenario, or desired output. Two characteristics make this
routine a bit unusual: they are the availability of two levels of prompting, and the
capability to input one or more variables after a run for the next run without going
through the entire list.

The prompt level is controlled by a logica! flag PROMPT which is true for full
prompt and false for partial prompt. The full prompt message prints out the input
code (if it exists for the input), the variable name, description, and default value if
there is one. The partial prox'pt mode only prints the input code and variable name.
The prompt flag may be switchec by the user by typing in an end of file (/* on IBM).
The READ statement has an end-cf-file checkwhich branches to statement 650 where
the prompt switch is negated (PROMPT = . NOT.PROMPT), the file is incremented,
and the program resumes at the input code it was at when the end of file was encoun-
tered. Two methods are available in the program to accomplish this; the cholce of
methods is dependent on the installation the user has (See the JCL notes in this
appendix). If the user can use a logical unit with several files, as is done at Hughes,
the ‘irst flle will be on logical unit 5 (variabie LUNIT) and is denoted FTO5F001. When
ar .nd-of-file on the terminal is eacountered the system automatically will read off of
+ fU5F002 in subsequent read instructions. Thus FT05F001, FTU3F002, etc. are

UNCLASSIFIED B-3
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TABLE B-1 LACM 2.0 MODULE NAMES AND
FUNCTIONAL DESCRIPTIONS

Module Function
MAIN Controls program flow; writes output
BLOCK DATA Initialization of default data values
TSHARE Interactive inputs
SETUP Sets up mode geometry
MODES Calculates total power at a point
COMTOT Computes power or SNR for a single SR orientation
BEAM Computes atmospheric scatter into SR FOV
TRANS Computes transmission from point to point
FTHETA " Returns value for scattering distribution F(8)
DELPHI Returns FOV integration stepsize required to main-

tain 1% accuracy
ALFAEX Returns extinction coefficient
ALFAAB Returns absorption coefficient
ALFASC Returns scattering coefficient
TSCAT ~ Computes transmitter scatter power at SR
BSDF Returns value for BSDF of transmitter
RSCAT Computes receiver/backstop scatter power at SR
RHOBAK Computes backstop directional reflectance
RHOOA Computes receiver optics directional reflectance
BAFRAT Computes hood effectiveness ’
STON Computes SNR
BACK Computes background power in SR
GRAFIX Produces graphics (user supplied)
STOG Computes power for space-to-ground case
STBEAM Computes space-to-ground link beam radius and on-
axis irradiance

SIGMAT Computes atmospheric turbulence beamspread
QG10 Gaussian quadrature integrator

CNSQ Returns atmospheric structure constant

———p—
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text.
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allocated to the terminal and the end of file will simply cause branching to statement
number 650 to reset the prompt flag. The alternative way is to start readingon unit N
and increment the unit. For example, allocate logical unit 20 to the terminal, and an

end of file will cause branching to statement number 650 where the logical unit would

be incremented (LUNIT = 21). The variable MODESW controls which method is used, and
the programmer should default the value in BLOCK DATA to 1 or 2 to select the desired
method. Note that the program will assume input is coming from logical unit 5 and
unless the proper files are allocated the prompt switching will not work., However,

the program will work in the full prompt mode with no special preparation other than
the usual allocation of unit § to the terminal.

The capability of selecting only those inputs that the user wants changed is
accomplisghed by assigning an input code to each key variable. As shown in Figure
B-4, the transmitter hood length has an input code of 20. At the proper time the
_program will request the input code. In certain cases changing one parameter will
affect others. In many of those cases the program will prompt the user for other
variables. Referring to the figure, it can be seen that if the hood length is changed on
a one-at-a time basis (i.e., the logical variable CHANGE is true) the program will
also ask for the hood diameter before returning to ask for the next input code. If no
other inputs are to be changed a response of zero will end the input session. Table
B-2 lists the variables, their descriptions, input codes, and default values.

Subroutine SETUP

The geometry for each mode is set up and a sequence of data points is computed.
A flow chart is shown in Figure B-5. The first computation performed checks to see
if the bottom edge of the link beam hits the earth between the transmitter and receiver.
If this is the case, a warning is printed. The program flow then goes to a portion of

code for the mode selected. Flow charts for each mode are shown in Figures B-6

- In Mode 1 the SR location is fixed so that the SR altitude is computed before
entering the loop. The initial SR orientation is set such that the edge of the SR FOV
is on the transmitter. The orientation angle THETA is then incremented until the
edge of the SR FOV is on the receiver. The transmitter and receiver are treated as
point sources, and placing them at the edge of the FOV enables maximum collection of
atmospheric scatter at the same time. The power or SNR is returned from subroutine
COMTOT and the output table is written on logical unit NOUT if NOUT is greater than
zero. The values cf power or SNR and THETA are stored in the arrays XINT and
YINT and the number of data points computed NP is also kept.

Modes 2 and 3 are functionally very similar to Mode 1 except the SR position
is changing, and the position va-tables X and RPX must be computed for each value
of THETA. The SR altitude HS rcust also be recomputed at each location, Note that
thc smallest orientation angle THETA allowed is one degree. The call to subroutine
COMTOT and output table WRITE statement are done in the same way as in Mode 1.

Modes 4 and 5 iterate to find contours about the link, The root finder in the
program uses a secant method of approximation. A simple expression supplies the

UKCLASSIFIED B-7
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Figure B-5. Subroutine SETUP. This routine generates the sequence of geometry for the five modes.
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Figure B-6. Detail of Mode 1. Mude 1 scans the link from a
fixed SR position.
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Figure B-7. Mode 2 Flow Detail. Mode 2 looks at a point from different
angles from a fixed range.
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Figure B-8. Mode 3 Flow Detail. Mode 3 views the link from a fixed off-axis distance.
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Figure B-9. Mode 4 and 5 Flow. These modes generate contours.
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SUBROUTINE MODE 8 :
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Figure B-10.

Subroutine MODES5. This routine calculates the total power at a point off-axis.
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initial guess of the root, Based on this guess, it will attempt to make better and
better approximations of the root by the following formula:

RSi - RS,
i-1
f('RSi)—f(RSi_l)

RS,,, = RS, f(®S) [

where RS
f(RS)

Iteration along radials from the transmitter was selected because other
coordinates may have severe discontinuities and convergence may be impossible to
attain. In Mode 4 {(RS) is provided by a call to COMTOT which provides power or
S/N from the transmitter and the portion of the beam in the SR FOV, while for Mode
5 the subroutine MODES is called, which returns power from the entire link. In the
case a guess for RS is negative, the previous guess for RS is divided in half and used
instead. (Many contours are very rapidly varying functions of RS. To allow easier
convergence the values are in dBW for power, dB for SNR, which vary less rapidly
since they are in log space.) If convergence is not attained in 20 tries, the program
goes to the next point, and will print a message warning the user of the number of

points that did not converge. A sample output in Section 3 illustrates this. (Figure
3-20).

radial distance to transmitter
POWER or S/N at RS

Subroutine COMTOT )

This routine, shown in Figure B-11, calls the routines that calculate the power
at the SR from the transmitter, receiver, or atmosphere. It decides to call the
routines based on the flag MP which is 1 for all sources of scatter to be included, 2 for
atmospheric scatter only, 3 for transmitter scatter only, and 4 for receiver/backstop
scatter only. In addition it calls STON to compute signal-to-noise ratio if MCOMP has
been set to a value other than 1.

Subroutine BEAM

The power scattered off the atmosphere to the SR is calculated in this routine
as shown in Figure B~12. If the SR FOV is large enough, it {s broken up into a
mumber of smaller segments and these are treated separately. The transmittance
from transmitter to SR is computed only once if it will not vary more than 2.5% for
any of the small elemental fields of view. Subroutine DELPHI computes the mumber
of FOV steps needed to maintain accuracy in F(6), as F(6) (Atmospheric Scattering
Distribution) varies rapidly in places and a large FOV would intercept a range of
values that differed by more than 1%.

Subroutine TRANS

The transmittance from a point at an altitude H1 ¢o a point at an altitude H2 at a
range R is computed by this subroutine shown in Figure B-13. Function ALFAEX is
used to get the extinction coefficient as a function of path altitude, as the integration

\’
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Figure B-11, Subroutine COMTOT. This routine computes power at a point for a fixed
SR orientation.
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Figure B-12. Subroutine BEAM. This routine computes scattered power from the beam. y
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TRANSMITTANCE

P T P T,

I YRR Y

Y
‘ 1
‘ MULTIPLY
K COMPUTE EXTINCTION £
' LENGTH COEFFICIENT ¥
OF STEP BY THE LENGTH .
OF THE STEP y
1 ) :
k.
i SuMm ;
i COSINE OF CONTRIBUTIONS ,
: ZENITH gaém EACH E
b TEP ALONG
: ANGLE PATH
{
3 1
' SET UPPER
LIMIT ALT CONTINUE Q
H = M)
‘:
[ P
' DO 10 COMPUTE . 3
) p TRANSMITTANCE
K= 1 NSTE OF PATH |
i
SET LOWER p
ALTITUDE LIMIT :
= TO UPPER RETURN i
ALTITUDE LIMIT “’
1
SOLVE FOR ]
UPPER ALT i
wiMIT ]
A
! §
FIND AVERAGE :
EXTINCTION 5
COEFFICIENT .
BETWEEN UPPER :
AND LOWER )
LIMITS 3
| y

F._ure B-13. Subroutine TRANS. This routine computes transmittance from point to point over
' a curved earth.
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is carried out along the propagation path., In the case the range is less than 200 meters
or the atmospheric model is only good for co-altitude (i.e., fixed coefficients) the
transmission is computed without integration.

Function FTHETA

The atmospheric scattering distribution function F(6) is difficult to calculate
efficiently, since it involves application of the Mie theory and iterative techniques are
usually used. For this reason, two curves were selected to be used in the program
and the curve fit expression are used instead. The FTHETA flow chart is shown in
Figure B-14. Note that one is used for wavelengths less than 5 um while the other
: for wavelengths greater than 5 um. It should also be noted that the form of these
Ty equations is of no physical significance, i.e., they were not derived, but curvefit by ‘,

trial and error to fit experimental data, )

Function DELPHI

This function, shown in Figure B-15, computes the mimber of elemental SR :
' FOV needed to achieve a set accuracy. An approximate expression for 8F (9)/8¢
. is used.

Functions ALFAEX, ALFASC, ALFAAB

W e, B

, These functions return the extinction, scattering, and absorption coefficients,

. respectively, as a function of altitude. ALFAEX does nothing more than add the absorp-

; : tion and scattering coefficients. ALFAAB and ALFASC, shown in Figures B-16 and
B-17 respectively, are identical in form and have two modes of operation. The first 1
of these returns 2 fixed coefficient that has been input by the user. The second uses ;
the tables of AFGL data. The index of the proper coefficient is calculated from the i
altitude and the coefficient is returned. (Note that the choice of wavelength, climatic

X model, and visibility have already been made and the arrays AS and AB were loaded

. ‘ from the master array AT with the coefficients for the selected combination of param-

' eters.) In the case an altitude greater than 100 km is specified, the coefficient is

Y zero, and in the case an altitude is negative the coefficient for sea level is returned

) so that contours may be generated for the case of slant path links where part of the

4 contour is under the earth. A message is printed to inform the user of this
F occurrence,

\_/

Subroutine TSCAT

This routine uses a straightforward application of the models described in
Section 2 and 3 to compute power scattered from the transmitter. A flow chart is
shown in Figure B~18. Functions BAFRAT and BSDF are used to evaluate the hood
effectiveness and help compute the lens scatter. The transmittance from the SR to
the transmitter is computed differently for the space to ground case, as only the dis-
{ tance inside the earth's atmospheve will affect the transmittance.
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FUNCTION FTHETA (THETA)

Z1-01988

. — — INDEX FOR COEFFICIENTS
L=2 OF APPROXIMATE FUNCTION

r |
L=1
|
b
o
P
| N \
k { COMPUTE
; < FTHETA AS A
\ : FUNCTION
| OF L, THETA
{
: RETURN

Figure B-14. Function FTHETA This routine computes an approximate atmospheric scattering
1 distribution function. L is a flag delineating wavelength regimes.
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FUNCTION DELPHI (THETA, PHi, DPHI)

€t-gI99®

OPHIX

APPROXIMATE — .
DERIVATIVE = H STMT FUNCTION 3F(9)/38

OF FTHETA

1% ]
ACCURACY H

COMPUTE MA X
AND MIN THETA
IN SR FOV

FIND OPHI
NEEDED AT
MAXIMUM
THETA

FIND QP+t
NEEDED AT
MINIMUM
THETA

|

LET OPHi =

MIN OF TWO
VALUES ABOVE,
PH) AND 1°

Figure B-15. Function DELPHI. This routine calculates the maximum size of the elemental field of view
to maintain 1 percent accuracy.
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FUNCTION ALFAAB (H) .
L
. LET ALFAAB =
b INPUT
. VALUE
<.
* ‘ SOLVE FOR
INDEX (1)
ADJUST
ALFAAB FOR
. SENSITIVITY
q ANALYSIS
t SOLVE FOR
INDEX
-
L]
1
r &
£
1
. 1 SOLVE FOR
‘ J INDEX
3
1
SOLVE FOR
l; INDEX
{ N
b ! ALFAAB = 0 '7° o le1 ‘
e {
ves ] H
ALFAAB =
AB (D) 1
ADJUST ]
ALFAAB FOR 1
, SENSITIVITY . :
! ANALYSIS
!
RETURN

Figure B-16. Function ALFAAB. This function rsturns the absorption. coefficient as a function of
altiru¢  using AFGL .ables.
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INPUT
VALUE

LET ALFASC =

ADJUST
ALFASC FOR
SENSITIVITY
ANALYSIS

ALFASC»0

FUNCTION ALFASC(H)

SOLVE FOR

INDEX (1)

| SOLVE FOR

INDEX

SOLVE FOR

| INDEX

SOLVE FOR

| INDEX

f=1FOR
H=Q

ALFASC =
AS (1)

.

RETURN

ADJUST
ALFASC FOR
SENSITIVITY
ANAL.YSIS

Figure B-17. Function ALFASC. This routine returns the scattering coefficient as a function of

altitude.
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SUBROUTINE TSCAT (PRTR)

YES

CALCULATE
TRANSMITTANCE
TO EDGE OF
ATMOSPHERE

-

ANG > YES  {NO PORT SCATTER)

1577

NO

CALCULATE
por o o EFFECTIVENESS

AFRAT
e OF BAFFLE

t

CALCULATE
RANGE

SPACE
TO GROUND
?

NO

CALCULATE
TRANSMITTANCE
TO TRANSMITTER

L

COMPUTE
TOTAL POWER
DUE TO wiNDOW
SCATTER

1

COMPUTE
POWER FROM
SIDELOBES

!

ADD POWER
FROM WINDOW
SCATTER AND
SIDELOBES

RETURN

- —— et .

91-81988

Ui T AT )

i

P

\

Figure B-18, Subroutine TSCAT. This routine computes total power at SR due to transmitter

scatter.
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Function BSDF

The bidirectional scattering distribution function (BSDF) is approximated by a
straight line in log space and is computed in this function, shown in Figure B-19.
After the straight line value is obtained the glitches are added in if applicable.

Subroutine RSCAT

T e e e

The power reflected from the receiver/backstop is computed in this routine
= _using the equation presented in Section 3. The backstop is assumed to intercept the
entire main lobe of the beam. A flow chart is shown in Figure B-20.

PR

Functions RHOBAK and RHOOA

4

The directional reflectance of the backstop and receiver optics are computed
in these routines using the diffuse and specular component models. Flow diagrams
. appear in Figure B-21 and B-22. The backstop can be oriented in an arbitrary
* ~_ manner and can have'a lambertian scattering profile, while the receiver optics are
“ always assumed to be pointing at the link transmitter. '

oY e et e e e 1

: Function BAFRAT

Ay M

Off-axis lens scatter may be blocked by using a hood. BAFRAT, shown in
Figure B~23, calculates the effectiveness of such a hood assuming it is cylindrical
and perfectly absorbing. The effectiveness of the baffle is the fraction of the area of
the optics that can be seen at a given off-axis angle; so, for example, when this
effectiveness is zero the baffle is blocking all transmitter off-axis radiation at that angle.

P

\_./

Subroutines STON and BACK

Subroutine .STON, shown in Figure B-24, is a straightforward code of the
signal-to-noise expressions discussed in Section 2. The SNR is returned in decibels.
The background power PBACK is calculated in subroutine BACK of Figure B-25.
Three choices are available, night, cloudy, or sunny. The earth background is com-
puted using a blackbody curve, and the solar background is interpolated from tables.
A muitiplicative factor of .01 is used to obtain the cloudy day solar background from
the sunny day figure. The solar background is broken into two tables of equally
spaced points, one in the UV and the other from the visible into the near-IR, and IF
statements prevent their use out of the tables' ranges.

Subroutines STOG and STBEAM

The space~to-ground beam power calculation is done in subroutine STOG shown
in Figure B-26, by breaking up the vertical beam into many vertical elements. Each
vertical element is treated by using the narrowbeam analysis routine BEAM. The
vertical elements are arranged in an evenly spaced grid with a row down the SR optical
axis and rows to either side. The center row is accounted for first, and the outer rows
are done by multiplying the result for one side by two. Eagh element is checked to see
if it {s within the azimuth FOV of the SR and within the 1/e“ power points of the beam

before its power contribution is accounted for, and the power weighting statement
function WEIGHT is used to model the gaussian power density profile. Subroutine
STBEAM, presented in Figure B-27 is a straightforward application of the equations
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FUNCTION BSDF (ANG)

ll-.t!.’

o e e

STRAIGHT-LINE
APPROXIMATION
OF BSDF

NO.
OF
GLITCHES
=0
?

YES

' DO 10 1= 1,N6

GETSTARTLI)
< ANG <
GEND(I)?

BSDF = GAMP(T)

CONTINUE i 3

ADJUST
B8SDF FOR
SENSITIVITY
ANALYSIS

: ) 1
3 ‘ RETURN ’

Figure B-19. Function BSDF. This routine returns the bidirectional scattering distribution function
for the transmitter optics.
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SUBROUTINE RSCAT (PREC) 5 ot
CALCULATE =
EFFECTIVENESS
OF BAFFLE

SPACE
TO GROUND
?

YES

3

o o COMPUTE COMPUTE
S TRANSMITTANCE TRANSMITTANCE
el ALONG LINK IN ATMOSPHERE
: CALCULATE
. RANGE
n‘.i -
4 < ) 4
' .
!
2 CALL USED TO COMPUTE
; TRANS — = — POWER INCIDENT
é ON BACKSTOP
9 P

COMPUTE POWER
REFLECTED FROM
BACKSTOP

- COMPUTE POWER

- REFLECTED FROM
. RECEIVER

OPTICS .

SUM POWER .
CONTRIBUTIONS
FROM BACKSTOP
: AND OPTICS ’

RETURN

Figure B-20. Subroutine RSCAT. This subroutine returns the power at the SR that is scattered
from the receiver and backstop.
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FUNCTION RHOBAK (THETAP)

sT-81988

COMPUTE

BACKSTOP .
ORIENTATION — -
N FACTORS

: COMPUTE ANGLE

2 : BETWEEN BACK- e

AN STOP NORMAL
34 AND SR

- PN ———

K COMPUTE

M SPECULAR

: . COMPRONENT

¢ OF BACKSTOP

’ REFLECTANCE

e .

( !
COMPUTE
OIFFUSE LEVEL
AND ADD TO .
SPECULAR
COMPONENT

! {f
: ) : . RETURN ) -

Figure B-21. Function RHOBAK. This function calculates the reflection of
the backsrop in the direction of the SR. '
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FUNCTION RHOOA (THETAP)

4

COMPUTE
SPECULAR
COMPONENT
OF RECEIVER
REFLECTANCE

ADD DIFFUSE

LEVEL TO
SPECULAR

_ COMPONENT

DY

B

. ‘ RETURN ’
1: .
= Figure B-22. Function RHOOA. This function calculates the directional reflectance of the receiver
J optics for a given off-axis angle.
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FUNCTION BAFRAT (D1, D2, THETA, BL)

1Z-er980

BAFFLE

THETAP =
x —THETA

CIRCLES
YES 4:;;\750

A el s

.
W W

ol B e

ca Ay

CIRCLES
CONCE}NTRIC

: SOLVE FOR
: . . COORDINATES OF
INTERSECTION .

SOLVE FOR

BAFRAT = 0 OVERLAPPING BAFRAT =1

. CIRCLES

BAFRAT =
RATIO OF
AREAS

RETURN

S Bt S (A

- Figure B-23. Function BAFRAT. This routine calculates the fractional area of the transmitter
~ optics visible at an off-axis angle 6.
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SUBROUTINE STON

NE
RECE’IVER

HETERODYNE
S/N EQN
~ ‘ ‘
A CALL — —_ BACKGROUND
BACK (PB) POWER
.
é OIRECT
= S/NEQN
i
'.
k4
¢
: CONVERT
TO B

1%
RETURN

Figure B-24. Subroutine STON. This routine calculates the SNR for either direct or heterodyne
receivers.
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SUBROUTINE BACK (PBACK)

PLANCK'S
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HLAM =0

b= = SOLAR 1RRADIANCE

YES NFLG = 3

CALCULATE
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INTERPOLATE
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1
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!

COMPUTE POWER
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l RADIATION

MULTIPLY BY
CLOUDY DAY
FUDGE FACTOR

NO

COMPUTE POWER
CONTRIBUTION
FROM BLACKBODY
RAD/ATION OF
EARTH

[ I

-

SUM POWER
CONTRIBUTIONS

cT-ot9ee
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Figure B-25. Subroutine BACK. This routine computes the background noise power for a sunny ‘
day, .loudy day or aighttime scenario.
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SUSROUTINE $TOQ
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Figure B-26. Subroutine STOG. The space to ground
the narrowbeam routine to compute the power.
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SUBROUTINE STBEAM (RBEAM, GRNDIR)

CALL
SIGMAT

= == == CALCULATE TURBULENCE JITTER

CALCULATE
RADIUS OF
BEAM

CALL
TRANS

p— e e CALCULATE TRANSMITTANCE
YO GROUND

CALCULATE
EQUIVALENT
IRRADIANCE
OF LINK

< RETURN ’

sZ-etone

Tigure B-27. Subroutine STBEAM. In the case the user prefers that the beam radius and intensity
«n the ground be calculated, this routine is called.
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for on-axis intensity and beam radius discussed in Section 2. STBEAM is called only
if the user wants the beam radius and on-axis intensity calculated, for if he chooses
he may input those parameters.

Turbulence Routines

The subroutines SIGMAT and QGIO of Figures B-28 and B-29 respectively and
function CNSQ, shown in Figure B-30, are used to compute the half-angle beamspread
of the space-to-ground link beam. SIGMAT provides the geometry needed to describe
the path, calls QG10, which integrates CNSQ over the limits provided and the integra-
tion result is used to compute the beamspread. Function CNSQ returns the atmo-
spheric structure copnstant an for a given altitude H. Subroutine QG10 is an
4 integrator that uses a 10-point guassian quadrature method.
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SUBROUTINE SIGMAT

INITIALIZE
INTEGRATION
PARAMETERS

- 1
COMPUTE

T ﬂ ELEVATION ‘
ANGLE .

‘ T

DO 10 /
: J= } NSTEP ‘

) {
COMPUTER
PARAMETERS

FOR PATH
INTERVAL

?

i . CALL b e = FUNCTION CNSQ 1S PASSED
: QGl10 TO QG10 FOR INTEGRATION

. ‘ 7

: SUM
STEPWISE

INTEGRATION

PIECES

VY

A oy

COMPUTE
HALF-ANGLE
TURBULENCE
BEAMSPREAD

:

Figure B-28. Subroutine SIGMAT. This subroutine calculates the one-sigma jitter due to turbulence
of the atmosphere.
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SUBROUTINE QG10 (BL, 8U, FCT, DELTAZ, V)

LZ-8198¢

UPPER
INTEGRATION YES
BOUND =
LOWER
BOUND

Figure B-29. Subroutine QG10. This is a ten-point gaussian quadrature integrator. '
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4 RETURN |
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FUNCTION CNSQ (H)
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eTA19%0

ALTITUDE TO FOR IW
(H)GT 1.0 1 50
? 2 90
3 100

- © COMPUTED
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RETURN
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FALSE I {
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l RETURN

AR e e
o e oo

Figure B-30. Function CNSQ. This returns the atmospheric structure constant at a given altitude H
for  .d, moderate, “r strong turbulence.
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OFF-AX1S PROGRAM LISTING
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0O000000000O0

00 00000

PROGRAM LISTING OF off-axis

OFF-AXIS ANALYSIS PROGRAM

D. JONES T714-871-3232 X 4579
T. YUNGHANS X 4582
HUGHES AIRCRAFT COMPANY
FULLERTON, CA

MODIFIED TO DO PRCBABILITY OF BIT ERROR ANALYSIS
BILL JAEGER

MIT BLG. 36-4T7

CAMBRIDGE, MA

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
irtype,ihet,ibflag,iw
common/rsct/oasmax,dif foa,oafwhm,bmaxs,bfwhms,bdiff(6),psiaz,psiel
ygams
common/ atmos /alfa(5,2),alfsct,alfab,ia,ab(33),as(33),at(33,14,6)
,mat,mvis
common/ tbsdf / ng,gstart(3),gend(3),gampl(3),ybsdf,sbsdf,nbak,noa
» ibsdf
common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
common/ srdata / asr,hs,phi,phiaz,dphi
common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

* darki & ptherm replace pnep, add g #
common/ sndata / bwr,eta,f,em,pb,ps,darki,pthern,snpndb,sndb, xm,
bwopt ,nflg,g
common/ stgout / nvel,svel,avel,ndown,ncros,numtot,hvnear,
hvfar,xdis,hdis,hdisdf,xclos,heclos,helsdf,kount

* srdark & srther replace srpnep ¥
common/block1/xmod(6),gainsr(6),qe(6),fnoise(6),srbw(6),
srdark(6),srther(6),alamda(6),0bw(6),nhol(6)
common /plte / xint(200),yint(200),h(200),dcomp(2),np,note

* dimension heady! & heady2 (2by3) *
common/ hrith / title(18),headx1(2,2),headx2(2,2),heady1(2,3),
heady2(2,3),brhol(2),bakhol(2),0ahol(2),mattyp(5,5),mvtyp(2,2),
mathol(2),holdet(2),holiw(2,3)
common/err/ier,ierab,iersc,ierbr,devab,devsc,devbr

# add labeled common wavefnm *
common/ wavefm /npts,t,form0(1000),formi(1000),powerd(1000),
power1(1000)
data onedeg,pi,r2d/.0174532925,3.141592654,57.29577951/

INPUT DESCRIPTIONS

THE MKS SYSTEM OF UNITS IS USED UNLESS OTHERWISE
SPECIFIED

i ORE.



OCODODO0DO0DD0DODO0DOODO0O0O0OD0OOO0000000000K000O00O0600000000O0N000O0O00O000000O0O0

LINK VARIABLES

+AM - WAVELENGTH INDEX
RL - LINK RANGE (M)
IA - ATMOSPHERICS (1-USER, 2-AFGL)

ALFSCT - ATMOS. SCAT. COEF. (1/M)
ALFAB =~ ATMOS. ABS. COEF. (1/M)

TRANSMITTER VARIABLES

HT - ALTITUDE OF TRANSMITTER (M)

PT - LINK TRANSMIT POWER OUT OF OPTICS (W)
DT - TRANSMITTER OPTICS DIAMETER (M)

PHIT - TRANSMITTER BEAMWIDTH (RAD)

BLT - TRANSMITTER HOOD LENGTH (M)

IBSDF - PORT SCATTER FLAG (1-DEFAULT, 2~USER)

(VALUES BELOW ARE DEFAULTED)
YBSDF - Y-INTERCEPT OF BSDF CURVE (AT 1 DEGREE)
SBSDF =~ SLOPE OF BSDF CURVE (LOG-LOG)

NG - NO. OF DISCONTINUITIES (GLITCHES) IN BSDF (MAX. OF 3)
GSTART - START OF GLITCH ,ARRAY OF 3 (DEGREES)
GEND - END OF GLITCH, ARRAY OF 3 (DEGREES)

GAMPL - AMPLITUDE OF GLITCH, OVER RANGE SPECIFIED ABOVE,
ARRAY OF 3 (DEGREES)

RECEIVER VARIABLES

HR ~ ALTITUDE OF RECEIVER (M)

DR - RECEIVER OPTICS DIAMETER (M)

BLR - RECEIVER HOOD LENGTH (M)

NBAK - RECEIVER BACKSTOP (1-DEFAULT, 2-USER)

(VALUES BELOW ARE DEFAULTED)

BMAXS - MAXIMIM REFLECTION COEFFICIENT

BFWHMS - FULL WIDTH AT HALF MAXIMUM (DEGREES)

BDIFF - DIFFUSE BACKGROUND REFLECTANCE

NOA - RECEIVER OPTICAL REFLECTION(1-USER, 2-DEFAULT)
(VALUES BELOW ARE DEFAULTED)

OASMAX - MAXIMJM RECEIVER OPTICAL SCATTER

OAFWHM - FULL WIDTH AT HALF MAXIMUM (DEGREES)

DIFFOA - DIFFUSE BACKGROUND

SR VARIABLES

HS - ALTITUDE OF SR (M)

ASR - SR APERTURE AREA (M¥%#2)

PHI - SR FIELD OF VIEW (ELEV) (RAD)
PHIAZ - SR FIELD OF VIEW (AZIMUTH) (RAD)

IRTYPE - SR CHARACTERISTICS (1-DEFAULT, 2-USER)
(VALUES BELOW DEFAULTED, ONLY NEEDED FOR S/N CASES)
M - MODULATION DEPTH

PREEY 3

Chcioaiha

FETY R




G PREDETECTION GAIN IN SR
ETA QUATUM EFFICIENCY CF DETECTOR
F ~ EXCESS NOISE FACTOR

BWR ~ BANDWIDTH OF SR, (HZ)
PTHERM -~ THERMAL NOISE EQV. POWER OF SR
DARKI ~ DARK CURRENT OF SR

BWOPT ~ SR OPTICAL BANDWIDTH (MICRONS)
NFLG DAY/NIGHT FLAG (1-DAY, 2-NIGHT)
BW LINK BANDWIDTH (HZ)

INTERCEPT VARIABLES

MCOMP COMPUTE (1-POWER, 2-S/N RATIO)

MP CONTRIBUTION FLAG (1-ALL,2-ATMOS, 3-TRANS, 4-RCVR)
MODE = SELECTS MODE OF OPERATION (1-5)

RPX DISTANCE FROM XMTR TO BISECTOR (M)

X - DISTANCE ALONG BISECTOR TO BEAM (M)

DCOMP - VALUE OF CONTOUR (DBW OR DB S/N) (MODES 4 AND 5)

-~
-
[}

Ayt

S b N

SPACE TO GROUND VARIABLES 1
ISTOG - SPACE TO GROUND FLAG (0-NO, 1-YES)
RB - RADIUS OF LINK BEAM (M)
THETA - ZENITH ANGLE OF SR (DEG)
GRNDI - EQUIVALENT POWER (WATTS/SQ. M) g
GL ~ ALTITUDE OF GROUND LEVEL (M)

i il TITF
¢ a Dt il i e L o

0000000000000 ODOHBOOODODOOODOD0O0O0

b : nout=1 .
) inpsum=1 4

FIRST READ DETERMINES WHETHER THE SYSTEM IS INTERACTIVE |
CR IN THE BATCH MODE. |

IOTYPE=0 IS BATCH MODE

000000

" write (6,300) :
| read (5,310) iotype ’
if (iotype.eq.0) go to 20 :

INTERACTIVE MODE .
THE VALUE OF N TELLS TSHARE IF THIS IS THE FIRST CALL. .

IF TSHARE RETURNS N=10, EXECUTION IS TERMINATED
n=0

00000

=0
R SN

0 call tshare (n)
if (n.eq.10) go to 280
go to T0

LI % o LY

BATCH INPUTS

o SO ' P thmin
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70

c

& .

[«

90
100

* add batch input capabilities *

call batch

SET FALGS TO RETURN TO TSHARE FOR CHANGES
n=1

iotype=1i

*# Pr(e) heading for mode 6 *

#EE%¥% YRITE THE INPUTS OUT #*#%a

mfl=1
if (mode.ge.d) mfl=2

if (mode.eq.6) mfl=3

if (iotype.eq.0) go to 80 g
write (6,380) '
read (lunit,1040) inpsum i
if (inpsum.eq.0) go to 170 ?

write (6,480) 1
if (istog.eq.1) write (6,930)

write (6,490)

write (6,500) rl,ht

write (6,510) hr,hs

theta=theta¥*r2d

if (istog.eq.1) write (6,530) x,theta

theta=theta/rad

if (istog.eq.1.and.ibflag.eq.2) write (6,540) gl,rb

if (istog.eq.1.and.ibflag.eq.1) write (6,550) gl

nf1=2%nflg-1

nf2=nf1+1

if (mcomp.eq.2.and.ihet.eq.1) write (6,520) nhol(nf1),nhol(nf2)
write (6,560)

if (istog.eq.0.or.ibflag.eq.1) write (6,570) alam,pt

" if (istog.eq.l.and.ibflag.eq.2) write (6,580) alam,grndi

write (6,590) dr,dt

write (6,600) blr,blt

if (blr.ne.0..or.blt.ne.0.) write (6,610) bdlir,bdrt

if (istog.eq.1.and.ibflag.eq.1) write (6,620) sigj,(holiw(i,iw),
121,2)

write (6,630) phit

#* add turbulence to narrow beam inputs #

if (istog.eq.0) write (6,625) (holiw(i,iw),i=1,2)
write (6,640)

if (istog.eq.1) go to 90

write (6,650) phi,asr

go to 100

write (6,660) phi,phiaz,asr

if (mcomp.eq.2) write (6,67C) phiaz,holdet(ihet)

if (mecomp.eq.1) go to 110 K




LS

write (6,690) g,f
write (6,695) xm
write (6,700) bwr,eta

¢ % darki & ptherm replace pnep ¥

c

[+]
110

c

115

120

130

140

150
160

170

if (ihet.eq.1) write (6,681) darki,ptherm
if (ihet.eq.1) write (6,680) bwopt
if (ihet.eq.2) write (6,685) bwopt,em

&

® add bit interval time

if (mode.eq.6) write (6,686) t

MODE PARAMETERS

if (istog.eq.1) go to 120

write (6,720)

write (6,730) mode,heady1(mcomp,mfl),heady2(mcomp,mfl)

#* skip SR location if mode 6 *

if (mode.eq.6) go to 115

if (mode.lt.4) write (6,760) rpx,x

if (mode.ge.U) write (6,770) dcomp(mcomp)
gams=0.

es=cos(psiel)*sin(psiaz)

if (cs.ne.0.) gams=atan2(sin(psiel),cs)
gamsd=gams¥*r2d

gamd=gamint #r2d

write (6,740) gamd,gamsd

write (6,780)

write (6,800) mathol{ia)

if (ia.eq.2) go to 130

write (6,810)

write (6,790) alfsct,alfab

go to 140

write (6,820) (mattyp(i,mat),i=1,5),(mvtyp(i,mvis),i=1,2)
write (6,790) as(2),ab(2)

write (6,830)

write (6,840) brhol(1),brhol(2),sbsdf
write (6,850) ng,ybsdf

if (ng.gt.0) write (6,860) (i,gstart(i),gend(i),gampl(i),i=1,ng)
LAMBERTIAN MODEL

if (nbak.1lt.3) go to 150

write (6,870) bdiff(lam)

go to 160 ' :
write (6,880) bakhol(1),bakhol(2),bdiff(lam) i

write (6,890) bmaxs,bfwhms
psiazd=psiaz#r2d

psield=psiel®*r2d

write (6,750) psiazd,psield

write (6,900) oahol(1),0ahol(2),diffoa
write (6,890) oasmax,oafwhm

if (istog.eq.1) go to 260

WRITE SENSITIVITY ANALYSIS SUMMARY IF DOING A SENSITIVITY .
ANALYSIS

)

i

T i X R o




180 if(ier.eq.0.or.iotype.eq.0) go to 190
write (6,1000) .
if (ierab.eq.1) write (6,1010) devab :
if (iersc.eq.1) write (6,1020) devsc '
if (ierbr.eq.1) write (6,1030) devbr

e #¥%%% YRITE HEADING FOR OQUTPUT #®#¥#

190 if (iotype.eq.0) go to 200
write (6,390)
hE read (lunit,1040) nout
if (nout.eq.0) go to 210
write (6,400)
read (lunit,1040) nout
200 write (6,360) mode

LT

NOUT=1 FOR EXPANDED OUTPUT FORMAT

]

e e B A

® skip output heading if mode 6 *#
if (mode.eq.6) go to 210
if (nout.ge.1) write (nout,910) headx1(mcomp,mfl),headx2(mecomp,
nfl),headyi(mecomp, mfl),heady2(mcomp,mfl)

##2#3 CALL THE COMPUTATIONAL ROUTINES #%#3%

SETUP IS CALLED FOR NARROW BEAM ANALYSIS

—
o

call setup

0OO0O0ONOOO OO R

WARNING MESSAGE FOR CONVERGENCE
if (note.ge.1) write (6,370) note
note=0

RER88 CAll, GRAPHING ROUTINE ®#a&s

GRAFIX IS A SYSTEM-DEPENDENT GRAPHICS ROUTINE. IT MAY BE WRITTEN
BY A USER TO PROVIDE INTERACTIVE GRAPHICS, OR WHATEVER

HE HAS AT HIS DISPOSAL. THE HUGHES ROUTINE INCLUDES A PRINTER
PLOT FOR USE ON TZLETYPE TERMINALS.

call grafix

0O 000D000O00O0

if (iotype.eq.0) go to 270 :

00

SENSITIVITY ANALYSIS INPUTS
write {6,410) ‘
read (lunit,1040) ier &
if (ier.ne.0) go to 220 X

Rt e 4 T g AR




~J

i dana

[e]

NO SENSITIVITY ANALYSIS; SET FLAGS TO ZERO

ier=0
ierbr=0
ierse=0

! ierab=0

3 : go to 270

SENSITIVITY ANALYSIS INPUTS

ABSORPTION DEV. | 3
20 write (6,420) p

read (lunit,1040) ierab b

if (ierab.eq.0) go to 230 ‘

J
nNOoOOOo

write (6,430) T
1 read (lunit,1040) devab r

~

T (o] SCATTERING DEV.
230 write (6,440)
read (lunit,1040) iersc :
if (iersc.eq.0) go to 240
write (6,430)
read (lunit,1040) devse

W e e

e

(o] BSDF DEV.

240 write (6,460)
read (lunit,1040) ierbr
if (ierbr.eq.0) go to 250
write (6,430)
read (lunit,1040) devbr

250 go to 180

c STOG COMPUTES SPACE TO GROUND INTERCEPTIBILITY
)

260 call stog (comp,ptstog,prstog,pastog,nret)

¢

c WRITE OUTPUT FOR SPACE TO GROUND CASE

c

write (6,92°)

write (6,930)

if (ibflag.eq.1) write (6,940) sigj,grndi
write (6,950) rb,nvel,svel,svel,avel 1
ndy=2%ncros=-1 &
ndown=ndown=1 '
write (6,960) kount,ndown,ndy,numtot
write (6,970) xdis,hdis,hdisdf :
write (6,980) xclos,t.los,helsdf i
write (6,990) pastog,ptstog,prstog,comp




8
nz1+iotype
go to (280,10), n
if (nout.ne.6) close (nout)
stop
format (*1")
format (9x,"off-axis analysis program -- ",/,
15x,"enter 1 for interactive input - C for batch input")
format (i1)
format (22x,18al,//)
format (ux,18al)
format (i4,6e10.4)
format (4x,6e10.4)
format (//,5x,"interceptibility mode ",i2)
format (5x,"* iteration did not converge at ",i3," points")
format (10x,"do you want an input summary? Q-no 1-yes")
format (//,10x,"do you want an output table? O-no 1-yes")
format (10x,"which file? (must be allocated)")
format (//10x,"do you wish to do a sensitivity analysis? ",
"0-no 1-yes")
format (/10x,"do you wish to vary the absorption coef? ",
"0-no 1-yes")
format (/10x,"fractional change (eg .1 for 10%)",/,15x,
"default =.1")
format (/10x,"do you wish to vary the scattering coef? ",
"0eno 1-yes")
format (/10x,"do you wish to vary the bsdf? 0-no 1-yes")
format (///,20x,nRks input summary #Edn)
format (///5x,"scenario geometry"/)
format (6x,"link range, m -=-~",2x,1pe10.3,5x%,"tr alt, M —ece==-==",
2x,1pe10.3)
format (6x,"rc alt, M ~eccece- ", 2x,1pe10.3,5x,"sr alt, @ =——~=e-- ",
2x,1pe10.3)

format (6x,"background type -~",l4x,2ali)

format (6x,"sr dist to beam,m~-",2x,1pel0.3,5x,"sr zenith ang, d-",
6x,0pf6.2)

format (6x,"ground alt, Me=e-- " Tx,f5.2,5x,"linkbeam rad. m-=-",2x,
1pe10.3)

format (6x,"ground alt,me---=",7x,f5.2)

format (/5x,"link parameters"/)

format (6x,"wavelength, m ~===",2x,1pe10.3,5x,"tr power, W =====",
2x,1pe10.3)

format {(6x,"wavelength, m =---~",2%,1pel10.3,5x,"eqv. irr., w/sq.mo",
2x,1pe10.3)

format (6x,"rc aperture, m ---",4x,f8.5,5x,"tr aperture, m --",4x,
£8.5)

format (6x,"rc hood length, m-",7x,f5.2,3%,"tr hood length, m",7x,
£5.2)

PSSR e S 3
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®

.
:
RPN

N

610

620
625
630
640
650
&

660
&

670
680
681
685
686
690
&

695
700

T20
730

740
750
760
770
780
790

800
810

820
830
&

840
850
&

860

format (6x,"rc hood dia., m -=-",7x,f5.2,5%,"tr hood dia., m =",7Tx,
f5.2)

format (6x,"total jitter,r --=",2x%,1pei10.3,5x,"turbulence w==e=- ",
Ux,2al)
format (41x,"turbulence ~=e=== ».Ux,2a4)

format (41x,"tr beam width,rad",2x,1pe10.3)

format (/,5x,"sr parameters"/)

gormat (6x,"linear fov, rad =",2x,1pe10.3,5x,"aperture, sq.m. -7,
X,0pf6 .4)

format (6x,"fov (elev), rad -",2x,1pe10.3,5x,"fov (az), rad --=-",
2x,1pe10.3,/,6x,"aperture, sq.m -=-",6x,0pf6.4)

format (6x,"fov across beam, r©,2x,1pe10.3,5x,"detection type, =",
8x,al)

format (6x,"cpt bw, microns --",2x,1pe10.3)

format (6x,"dark current, a --",2x,1pe10.3,5x,"thermal eqv pwr =",
2x,1pe10.3)

format (6x,"opt bw, microns =-",2x,1pe10.3,5x,"mixing efficiency",
6x,0pf6.4)

format (6x,"bit interval, s =--",2x,1pe10.3)

format (6x,"gain =—ecceccmceceaa ".7x,f5.2,5x%,"excess noise =---",2x,
1pe10.3)
format (6x,"™mod. depth ===w=e=a " Tx,£5.2)

format (6x,"bandwidth, hz =---",2x,1pe10.3,5x,"quantun eff. —===f,
7x,0pf5.2)

format (/,5x,"intercept mode parameters"/)

format (6x,"mode type ==—w——=—w= " 10x,i2,5x,"output type e--=- " 4x,
2aly)

format (6x,"sr plane, deg ----",5x,f7.2,5x,"specular gamint -",5x,
£7.2)

format (6x,"backstop az, deg ",5x,f7.2,5x,"backstop el, deg ",5x,
£7.2)

format (6x,"rpx, meters —w——-- ", ,2x,1pe10.3,5%,"x, meters e=-ee-m,
2x,1pe10.3)

format (6x,"iso-con value, db-",2x,1pe10,3)

format (/,5x,m"atmospheric parameters®/)

format (6x,"scat coef 1/m ==-~",2x,1pe10.3,5x,"abs coef, 1/m ===",
2x,1pe10.3)

format (6x,"data source =----~",8x,ali)

format (6x,"results are valid only for cases with near ",
"coaltitude geometry")

format (6x,5al,15x,"visibility is",9x,2a4,/,17x,"coefficients ",
"for 0 to 1000 meters altitude")

format (//,5x,"scattering data for transmitter, receiver, and ",
"backstop”)

format (/,6x,"bsdf model type --",lx,2al,5x,"bsdf slope db/db ",
5x,17.3)

format (6x,"nonlinearities ---",11x,1i1,5x,"bsdf intercept - ",5x,
f703)

format §11x,"from",Sx,"to“,?x,"1evel",3(/,6x,0p13,0pf7.2,0pf8.2,
1pet12.4))
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870 format (/,6x,"backstop type e-=-",2x,"lambertian®,5x,
& "reflection coef -",5x,f7.4)
880 format (/,6%,"backstop type =--=",U4x,2ali,5x,"diffuse level ===",
& 5%, £7.3)
890 format (6x,"specular max -=" 5x,f7.3,5x,"specular width, 4",5x,
& £7.3)
900 format (/,6x,"0a type e=eeccca-a " Ux,2al,Sx,"diffuse level ===",
& 5x,fT7.3)
910 format (//,40x,"power contributed by each source, watts",/,Tx,2al,
- - & 6x,2al,11x,"transmpit ter receiver atmosphere™)
e 920 format (///)
R 930 format (20x,"®%* space to ground - R#x¥n)
) 940  format (//5x,"turbulence beam spread (rad) -=eemceccc-c- " 1pei0.3,
: , & /5%, "equivalent irradiance (w/sq.m) =e-ccemam=- " 1pe10.3)
950 format (//5x,"radius of transmitter beam (m) -~eecccc—eae n.£8.2,/,
& 5x,™no. of elements in beam -- n,i8,/8x,
& "configuration of element e-—memceccmccecaaa ", 2x,"square",/11x,
N & "length of element (@) =—ew—cccec—a-- " £8.2,/11x,"width of ",
. & felement (M) —c——e-- ——————— " £8.2,/11x,"area of element (sq.m) ",
~ & Memccemcecan~==® £8,2)
; 960 format (//5x,"no.of vert. elements subtended by revr----v,i8,/8x,
bt & "no. of elements down beam (x-dir) =---=",i8,/8x,"no. of ",
¢ & "elements across beam (y-dir) ---",i8,/8x,"total no. of ",
. & "elemental volumes =——=e=e=",i8)
970 format (//8x,"dist. to the farthest element ~=ceeee-- ", 1pe10.3,/,
& 8x,"altitude of the farthest element ~=ew-- ", 1pe10.3,/8x,"alt. ",
& "difference of subtended element -=",1pe10.3)
980 format (//8x,"dist. to the closest element e~eeececaa- " 1pe10.3,/,
& 8x,"altitude of the closest element eee=- ~=",1pe10.3,/8x,malt. ",
& "difference of subtended element --",1pe10.3)
990 format (///5x,"power contributions",/,8x,"atmospheric power ",
& "eontribution {watts)-",1pe10.3,/,8x%,"transmitter power ", )
& "contribution (watts)-",1pe10.3,/,8x,"receiver power ",
& "contribution (watts)----",1pe10.3,//,5x,"total power {watts)",
& n ", 1pe10.3)
1000 format (//,13x,"##% gensitivity analysis summary %®#n // q0x,
& "contributor®,8x,"fractional deviation®)

1010 format (/,11x,"scattering™,15x,£8.3)
% 1020 format (/,11x,"absorption®,15x,£8.3)
. 1030 format (/,11x,"bsdf",21x,£8.3)

1040 format(v)

end
c.
block data
¢
common/ flags /mode,mconp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype,ihet,ibflag,iw
common/rsct/oasmax,dif foa,ocafwhm,bmaxs,bfwhms,bdiff(6),psiaz,psiel
& ,gams

common/atmos/ alfa(5,2),alfsct,alfab,ia,ab(33),as(33),at(33,14,6)

L ddissiliiemdl ¥ x a0 A bkl it b
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,mat,mvis
common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
common/ srdata / asr,hs,phi,phiaz,dphi
common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

#® darki & ptherm replace pnep, add g *
common/ sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sndb,xm,
bwopt ,nflg,g
common/ tbsdf / ng,gstart(3),gend(3),gampl(3),ybsdf,sbsdf,nbak,noa
,ibsdf
common /pltec / xint(200),yint(200),h(200),dcomp(2),np,note

#* srdark & srther replace srpnep ¥
common/ blockl / xmod{(6),gainsr(6),qe(6),fnoise(6),srbw(6),
srdark(6),srther(6),alamda(6),0bw(6) ,nhol(6)

* dimension headyl & heady2 (2by3)
common/ hrith / title(18),headx1(2,2),headx2(2,2),heady1(2,3),
heady2(2,3),brhol(2),bakhol(2),0ahol(2),mattyp(5,5),mvtyp(2,2),
mathol(2),holdet(2),holiw(2,3)
common/err/ier,ierab, iersc, ierbr,devab,devsc,devbr

® add labeled common wavefm ¥
common/ wavefm /npts,t,form0(1000),form1(1000),power0(1000),
power1(1000)

dimension at11(33),at12(33),at13(33),at14(33),at15(33),
at16(33),at17(33),at18(33),at19(33),at10(33),
at1a(33),at1b(33),at1e(33),at1d(33)
dimension at21(33),at22(33),at23(33),at24(33),at25(33),
at26(33),at27(33),at28(33),at29(33),at20(33),
at2a(33),at2b(33),at2c(33),atad(33)
dimension at31(33),at32(33),at33(33),at34(33),at35(33),
at36(33),at37(33),at38(33),at39(33),at30(33), ’
at3a(33),at3b(33),at3c(33),at3d(33)
dimension atl#1(33),at42(33),at43(33),at4s(33),atds5(33),
at46(33),atl47(33),at48(33),at49(33),at40(33),
atua(33) ,atltb(33) ,atl&c(33) ,atl%d(33)
dimension at51(33),at52(33),at53(33),at54(33),at55(33),
at56(33),at57(33),at58(33),at59(33),at50(33),
at5a(33),at5b(33),at5¢(33),at5d(33)
dimension at61(33),at62{33),at63(33),at64(33),at65(33),
at66(33),at67(33),at68(33),at69(33),at60(33),
at6a(33),at6b(33),atbe(33),at6d(33)
equivalence (at(1,1,1),at11(1)),(at(1,2,1),at12(1)),
(at(1,3,1),at13(1)),(at(1,4,1),at14(1)),
(at(1,5,1),at15(1)),(at(1,6,1),at16(1)),
(at(1,7,1),at17(1)),(at(1,8,1),at18(1)),
(at(1,9,1),at19(1)),(at(1,10,1),at10(1)),
(at(1,11,1),at1a(1)),(at(1,12,1),at1b(1)),
(at(1,13,1),at1c(1)),(at(1,14,1),at1d(1))
equivalence (at(1,1,2),at21(1)),(at(1,2,2),at22(1)),
(at(1,3,2),at23(1)),(at(1,4,2),at24(1)),
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(at(1,5,2),at25(1)),(at(1,6,2),at26(1)),
(at(1,7,2),at27(1)),(at(1,8,2),at28(1)),
(at(1,9,2),at29(1)),(at(1,10,2),at20(1)),
(at(1,11,2),at2a(1)),(at(1,12,2),at2b(1)),
(at(1,13,2),at2e(1)),(at(1,14,2),at2d(1))

equivalence (at(1,1,3),at31(1)),(at(1,2,3),at32(1)),
(at(1,3,3),at33(1)),(at(1,4,3),at34(1)),
(at(1,5,3),at3s5(1)),(at(1,6,3),at36(1)),
(at(1,7,3),at37(1)),(at(1,8,3),at38(1)),
(at(1,9,3),at39(1)),(at(1,10,3),at30(1)),
(at(1,11,3),at3a(1)),(at(1,12,3),at3b(1)),
(at(1,13,3),at3e(1)),(at(1,14,3),at3d(1))

equivalence (at(1,1,4),at41(1)),(at(1,2,4),ats42(1)),
(at(1,3,4),at43(1)),(at(1,4,4),atsi4(1)),
(at(1,5,4),at45(1)),(at(1,6,4),ats6(1)),
(at(1,7,4),atu7(1)),(at(1,8,”),at“8(1)),
(at(1,9,4),atl49(1)),(at(1,10,4),at40(1)),
(at(1,11,4),at4a(1)),(at(1,12,4),atb(1}),
(at(1,13,4),at4c(1)),(at(1,14,4),atsd(1))

equivalence (at(1,1,5),at51(1)),(at(1,2,5),at52(1)),
(at(1,3,5),at53(1)),(at(1,4,5),at54(1)),
(at(1,5,5),at55(1)),(at(1,6,5),ats56(1)),
(at(1,7,5),at57(1)),(at(1,8,5),at58(1)),
(at(1,9,5),at59(1)),(at(1,10,5),at50(1)),
(at(1,11,5),at5a(1)),(at(1,12,5),at5b(1)),
(at(1,13,5),at5¢(1)),(at(1,14,5),at5d(1))

equivalence (at(1,1,6),at61(1)),(at(1,2,6),at62(1)),
(at(1,3,6),at63(1)),(at(1,4,6) ,,at64(1)),
(at(1,5,6),at65(1)),(at(1,5,5),at66(1))1
(at(1,7,6),at67(1)),(at(1,8,6),at68(1)),
(at(1,9,6),at69(1)),(at(1,10,6),at60(1)),
(at(1,11,6),at6a(1)),(at(1,12,6),atéb(1)),"
(at(1,13,6),atb6e(1)),(at(1,14,6),at6d(1))

AR RN AR AR AR AR AR RN AR R RN R AR RN AR AR RRANRNR RN AR

data mode,mcomp,mp,lam,modesw,lunit,nout,istog/4,1,1,4,1,5,1,0/

# add Pr(e) heading for mode 6 #*

data heady1,heady2/"pwr,","s/n,","rpx ","rpx "," p"," p",

" dbw"," db ",",m ",",m ","r(e)","r(e)"/

data headx?,headx2/"thet","thet","x,me","x, me","a, 4d","s, d",

"ters®,"ters"/

data brhol,bakhol,oahol/" ave","rage"," dif","fuse"," unk","nown"/

data mattyp/"trop","ical"," L nn "

"midl","atit","ude ","sunm","er ",

"midl®,"atit","ude ","wint","er ",

"suba", "reti","c ", "summ”,"er ",

"suba","reti”, "c " "wint","%er "/

data mvtyp/"clea","r " "hazy"," "/

data mathol/"user","afgl"/

data holdet/" dir"," het"/

data holiw/" se","vere","mode","rate"," ", "mild"/
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data blt,dbrt,dt,ht,pt/0.0,0.0,.1,10.,1./
data blr,dblr,dr,hr/0.0,0.0,.1,10./
data asr,hs,phi,phiaz/.05,10.,.01,.01/
data alam,rl,rpx,x/1.0e-6,5000.,2500.,1000./
¢ #® add default values for darki & ptherm ¥
data bwr,eta,f,em,pb,darki,ptherm,xn,bwopt,g/0.0,0.0,0.0,0.7,
& 0.0,0.0,0.0,0.0,0.0,0.0/
: data rb,grndi,gl,theta/200.,7.e-4,0.,.174533/
- e MODULATION DEPTH AND SR ELECTICAL BANDWIDTH
data xmod,bw/1.,1.,1.,1.,1.,1.,1.e6/
iy data gstart/0.,0.,0./
data gend/0.,0.,0./
A data gampl/0.,0.,0./
data bmaxs,bfwhms,bdiff,casmax,diffoa,cafwhw/0.,3.,.3,.3,.3,.3,.1,
: : & «3,0.,0.,.3/
¥ j data gainsr/1.,1.,1.,1.,1.,1./
* data ge/.5,.5,.75,.5,.6,0.7/
data fnoise/1.,1.,1.,1.,1.,1./
data srbw/1.0e6,1.0e6,1.0e6,1.0e6,1,0e6,1.0eb/
¢ * add data for srdark & srther *
data srdark/6%1.e-9/
data srther/8.e-15,8.e-15,5.e-15,7.e=15,5.e~17,1.e=12/
data alamda/.5145e-6,.6328e~6,.860e-6,1.06e-6,10.6e-6,0/
data obw/.001,.001,.001,.001,.01,.05/
data alfa/5.e-5,5.e-5,5.e~5,5.e~5,5.e-5,5,.e~5,5.e=5,5,.e~5,5.e~5,
& 5.e«5/
data ng, ybsdf,sbsdf/0,200.,-2.5/
data nflg,irtype/1,2/
data nhol/" s",™unny",” cl”,"oudy”",” n","ight"/
data ibsdf,nbak,noa/1,1,1/ .
data gamint/0./
- data note/0/
data ia,mat,mvis/1,2,1/
data dcomp/-80.,0./
data phit/.0001/
data ier,ierab,iersc,ierbr/0,0,0,0/
data devab,devsc,devbr/.1,.1,.1/
data psiaz,psiel,gams/0.,0.,0./
data ihet/o/
data ibflag,iw,sigj/1,2,5.e=6/
®* aadd data for labeled common wavefm ¥
data npts,t,form0,formi/101,1.e-6,51%1.0,949%0,0,50%0.0,51%1.0,
899%0.0/
AR RSN RN RN RN AN DN ER SN R AR R RN RN R AR T RN NN AR RR RS

NOTE - UNITS ARE 1/KM., BUT ARE CONVERTED TO 1/M IN PROGRAM
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data at11/

0.0 y 0.0 ’
0.0 , 0.0 .
0.0 , 0.0 '
0.0 , 0.0 ’
0.0 , 0.0 R
0.0 , 0.0 ’

NN e v w w -

TROPICAL MOLECULAR SCATTERING

data at12/
1.47e~02, 1.40e-02,
8.55e~03, 7.70e=-03,
4.,40e~03, 3.89e-03,
1.91e~03, 1.57e=03,
6.48e~04, 5.50e-04,
1.99e~05, T.45e-06,

1.28e=-02,
6.94e-03,
3.44e-03,
1.31e-03,
3 .67&-0“ 'y
0.0 /

v % e e w

1.15e=02,
6 .229-03 ’
3.02e=-03,
1.09e-03,
1.68e=-04,

MIDLATITUDE SUMMER MOLECULAR ABSORPTION

d at13/

- w W W = e
- w W e e e

New » % w w

[»NeoNaoNoNe]
. e o
OO0 OO0O0

MIDLATITUDE SUMMER MOLECULAR SCATTERING

data atily/
1.50e=-02, 1.43e-02,
8.56e-02, 7.68e-02,
4.36e-03, 3.85e-03,
1.77e=-03, 1.51e=03,
6.82e-04, 5.83e=-04,
2.17e~-05, 8.16e-06,

1029e-02’
6 .893-02,
3.34e~-03,
1 ’29e-03,
3.91e~04,
0.0 /

1.16e=02,
6.16e-03,
2.85e=03,
1.10e=03,
1.80e=04,

MIDLATITUDE WINTER MOLECULAR ABSORPTION

at15/

!’
’
?
1
’
?

MIDLATITUDE WINTER MOLECULAR SCATTERING

- % w w v w

Nw v v v w

OO0O00OO0
.
OO0 000

* ® v w -

- % e e -

1.04e-02,
5.55e=03,
2.63e-03,
9.08e=-04,
7 0973-05 H

[eNeoNoNoNel
. o
[eNeNoNoNal

- v w w -

1.05e=-02,
6 .508-03 ]
2.42e-03,
9.38e-04,
8.5 93-05 9

- e w w ow

0.0 ,
0.0 ,
0.0 )
0.0 ’
0.0 ’
9.46e-03,
4.96e-03,
2.2Te=-03,
7.64e-04,
3.91e-05,
0.0 ’
0.0 ]
0.0 ’
0.0 ’
0.0 ’
9.51e=02,
4.90e-03,
2.07e=03,
8.00e~-04,
4.,22e-05,
0.0 ’
0.0 ’
0.0 ’
0-0 ]
0.0 .
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data at16/
1.63e=-02,
8.753-031
4.05e-03,
1.61e=03,
6.26e-04,
1.64e=05,

SUBARCTIC

ati7/

SUBARCTIC

data at18/
1.53e-02,
8.58e-03,
4.13e-03,
1.67e=-03,
6.72e-04,
2.21e-05,

SUBARCTIC

at19/

SUBARCTIC

data at10/
1.7T1e=02,
8.80e=-03,
3.84e-03,
1.51e=03,
5.90e-0l,
1.46e=05,

1.54e=02, 1.37e~02, 1.22e-02,
7.80e=03, 6.93e-03, 6.14e-C3,
3.47e-03, 2.98e-03, 2.55e-C3,
1.38e-03, 1.18e-03, 1.01e-03,
5.34e=-04, 3.56e=-04, 1.60e=04,
6.01e-06, 0.0 /

SUMMER MOLECULAR ABSORPTION

0.0 , 0.0 , 0.0 ,
0.0 , 0.0 , 0.0 ,
0.0 , 0.0 , 0.0 ,
0.0 , 0.0 , 0.0 ,
0.0 , 0.0 , 0.0 ,
0.0 , 0.0 /

SUMMER MOLECULAR SCATTERING

1.46e-02, 1.32e-02, 1.19e=-02,
T.T1e=-03, 6.91e=03, 6.17e-03,
3.55e=03, 3.05e-03, 2.62e=03,
1.43e-03, 1.23e-03, 1.06e-03,
5.75e-04, 3.89e-04, 1.82e-04,
8.45e=06, 0.0 /

WINTER MOLECULAR ABSORPTION

“ w w w -

“ - w % w ow
Ne © w v

WINTER MOLECULAR SCATTERING

1.60e-02, 1.41e-02, 1.25e=-02,
7.83e-03, 6.94e=03, 6.09e=-03,
3.28e-03, 2.80e-03, 2.40e=-03,
1.29e=03, 1.10e=-03, 9.44e=04,
5.0le-04, 3.36e-04, 1.49e=04,
5.15e=06, 0.0 /

AEROSOL ABSORPTION - CLEAR

1.09e-C2,
5.42e-03,
2.19e-03’
8.57e=04,
7.20e=05,

. W e e o

1.06e=02,
5.50e-03,
2.25e-03,
9.11e-04,
8.64e-05,

OO0OO0OO0O0o
.
CoOoOoOOoOo

. @ w w -

1.10e=02,
5.25e=03,
2.05e=03,
8.07e=04,
6-67e-05’

9.79e-03,
4,72e-C3,
1.88e-03,
7 .32e=04,
3.35e=05,

[oNoNoNoNe
.
[eNeNoNo e
. w w e

9.55e-03,
4,81e~03,
1.94e-03,
7T.83e=04,
4,26e=-05,

eNeoNeNoNe
.

[eNeoNeNoNe]

. e e e o

9.86e=-03,
4.49e-03,
1.76e=03,
6 .90e-04,
3.06e-05'
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0O 00D 0O 0O D KR R* Re Re Re O OO R Q° R* Re Re Re O O 0O R RY Re Re Re Re QO O R R Re Qe Qe e

R* R* R R* Re

data atla/

[« NelNeNoNo Nl |
[« NeleNolNaNoly

. w W e W e

. w w e e o

AEROSOL SCATTERING - CLEAR

data at1b/
1.68e-01,
4,49e-03,
3.24e-03,
2.61e=-03,
5.90e=04,
1.25e=06,

1.12e-01,
3.6l4e=03,
3.19e-03,
2.36e=-03,
4,82e-04,
0.0 ’

AEROSOL ABSORPTION - HAZY

atie/

dooocoo
L ]

e
[eNeNoNoNoNe]

0.0 ,
0.0 ,
0.0 '
0.0 ’
0.0 ’
0.0 /
4,.86e-02,
3.56e=03,
3.04e-03,
1.85e-03,
2.43e=-04,
0.0 /
0.0 '
0.0 '
6.0 ’
0.0 s
0.0 s
0.0 /

AEROSOL SCATTERING - HAZY

data atid/

8.20e-01, 4.96e-01, 1.81e-01,
4.49e-03, 3.64e=03, 3.56e-03,
3.24e-03, 3.19e=03, 3.04e=03,
2.61e-03, 2.36e-03, 1.85e~03,
5.90e-04, 4.82e-04, 2.43e-04,

1 .258-06 [}

0.0 ’

0.0 /

- % W w -

2.07e~02,
3.54e~03,
2.91e=-03,
1.35e-03,
6.83e~05,

6.63e-02,
3.54e=03,
2.91e=03,
1.35e=-03,
6.83e=05,

- e w w w

9-769-03’
3.42e-03,
2.75e=03,
9.98e-04,
1 .80&-05 ?

- @ v w w

2.42e-02,
3.42e-03,
2.75e-03,
9.98e=-04,
1.80e=05,

e NoNeloNo
.

OO0 00O

. e w e o

6.16e-03,
3.27e=03,
2.67e=03,
7 .58e=04,
4.73e-06,

[eNeNeNoNe]
w w e e

8.84e-03,
3.27e=03,
2.6Te=03,
7 .58e=-04,
U,73e=-06,

FER SRR RERERRRRARRRRRERRRARAR R RN RN RRIRRERRRRARERRRRES

WAVELENGTH IS .6328 MICRONS

TROPICAL MOLECULAR ABSORPTION

at21/

’
’
y
’

- W e e -

- w v w

[eNeNoNoNe
.
[ NeNeNoNal

- w w v -

[»NeRoloRao
.
[eNeNoNo N
. w e w -
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R ol ]

ST

W ae e .’Q-

e Ay

0O 00 f

0O QO O R R* R* Re Re R 0O O O Re Re Re Qv Re R 0O O O R R Re R Re R

0O 0O O R R R+ R* Re Re

Re Re Qv Qv Re

0.0 y 0.0 ’

0.0 /

TROPICAL MOLECULAR SCATTERING

data at22/
6.31e=-03, 6.03e=03,
3.68e-03, 3.31e-03,
1.89e-03, 1.67e=03,
8.20e-04, 6.77e-0l4,
2.79e=04, 2.3Te=-04,
3.57e-06, 3.20e-06,

5.48e-03, 4.97e-03,
2.99e=-03, 2.67e=03,
1.48e-03, 1.30e=03,
5.62e=-04, U4.68e-04,
1.58e-04, T.22e-05,
0.0 /

MIDLATITUDE SUMMER MOLECULAR ABSORPTION

data at23/
0.0 , 0.0 ’
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 s
0.0 , 0.0 ’
0.0 , 0.0 ,

[eNeNoNeNe]
* &
el eNeoNe e

. % v e -

Ne v w e -

MIDLATITUDE SUMMER MOLECULAR SCATTERING

data at2y/

6.44e-03,
3.68e-03,
1.87e=03,
7.63e=04,
2.93e-04,

6.13e=-03,
3.31e-03,
1.66e=-03,
6.51e=-04,
2.51e=04,

9.31e=06, 3.51e=06,

5.54e-03, 5.01e=03,
2.96e-03, 2.66e-03,
1.44%e=-03, 1.23e=03,
5.55e=04, 4.73e-04,
1.68e-04, T.76e-05,
0.0 /

MIDLATITUDE WINTER MOLECULAR ABSORPTION

atzas/

w W W w w e
w w W e w .

.
. w w e w

e W e v o

0OO0OO0OO0O0CO0
-
[eNeNoNeloNo

MIDLATITUDE WINTER MOLECULAR SCATTERING

data at26/
6.79e-03, 6.62e-03,
3.76e-03, 3.35e-03,
1.7T4e=03, 1.49e-03,
6.91e=04, 5.91e=04,
2.6Ge-04, 2.30e=-04,

5.91e=03, 5.26e~03,
2.98e-03, 2.64e-03,
1.28e-03, 1.10e=03,
5.06e-04, 4.32e-04,
1.53e=-04, 6.90e~05,

4.49e-03,
2.39e-03,
1.13e=03,
3.91e-04,
3.43e-05,

(e No el el o]
L
OO0 00O

“w % e e e

4.,53e-03,
2,37e=03,
1.04e-03,
4.03e=-04,
3.69e-05,

e NeNoNoNe
.
[eBoleNeNe

4,70e=03,
2.33e-03,
9.41e-04,
3.6%e=-04,
3.10e~05,

4.,07e-03 ]
2.13e-03,
9.76e=-04,
3.29e=-04,
1 0689-05 ’

OO0 O0OO0O0

¢« . .
eNoNaolNoNe
“ % e e o

4.09e-03,
2.11e=03,
8.92e=-04,
3.44e-04,
1.82e~05,

QO OO0
L) .

OO0 O00O0
. W e e e

4,21e-03,
2.03e=-03,
8.07e=04,
3.15e=04,
1.44e-05 ’

17
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T S, ,XQ.

- s oA

0O 00 R/

O QO O Re A% Re R Ko R

O O 0O R R Re Re Qe Qe

0O O O R R R* R R Re

Ro Re Re Re R

0 0O O R R R Re R R

7.06e-06, 2.59e-06, 0.0 /

SUBARCTIC

at27/

- % w w e -

SUBARCTIC

data at28/
6.58e-03,
3.69e-03,
1.78e-03,
7.17e=04,
2.89%e=-04,
9.51e=06,

SUBARCTIC

at29/

- W w e w w

data at20/
7 0373-03 y
3 .798-03 y
1.65e-03,
6.47e=-04,
2.54e-04,

SUMMER MOLECULAR ABSORPTION

o« o o
OO0 O0OO0O OO0
v % % e e w

[eNeNeNoNoN o]

e NeoNeNaole]
L]
(e NoNeNolNe )

“ w W W e

NNw w e e

SUMMER MOLECULAR SCATTERING

6.26e=03,
3.32e~03,
1.53e=03,
6.17e=04,
2.48e-04,
3.64e-06,

5.66e-=03, 5.10e-03,
2.97e=03, 2.66e=03,
1.31e-03, 1.13e-03,
5.30e-04, 4.55e=-04,
1.6Te=-04, 7.83e=05,
0.0 /

WINTER MOLECULAR ABSORPTION

)
[eNeNo o No o]
- % % w w »

[eNeNeNeNeNa]

[eNeNoNoNe]
. . .
e NeoNeNeNe]

w w w e e

\‘. - w -

WINTER MOLECULAR SCATTERING

6.88e-03,
3.3Te~-03,
1.41e-03,
5.54e-04,
2.17e=04,

6 .04e-03, 5.36e=03,
2.99e-03, 2.62e=03,
1.21e-03, 1.03e-03,
4,75e-04, U4,06e=-04,
1.44e-04, 6.39e=-05,

6.27e-06, 2.22e-06, 0.0 /

AEROSOL ABSORPTION - CLEAR

data at2a/

3.14e=-03, 2.09e-03, 9.09e-04, 3.87e=04,
8.39e-05, 6.78e-05, 6.65e-05, 6.61e-05,
6.06e-05, 5.978-05, 5-67e-05’ 5.)“56—05,
4 ,88e-05, 4.40e-05, 3.46e=05, 2.52e-05,
1.10e-05, 9.00e-06, 4.53e=06, 1.28e=-06,

. W % e e

4,58e=-03,
2.36e=03,
9.68e~04,
3.92e-04,
3.72e=05,

(o NeNeoNeNo]
L] L]
[eBolNeNoNo]

4,75e-03,
2.26e=03,
8.82e-04,
3.4T7e=04,
2.87e-05 ?

1.82e=04,
6.39e=05,
5.14e-05,
1 087e"05 9
0.0 .

[eNeNeNoNe)
e o

[eNeoNeNoNe

“ - w w e e

4h.11e=-03,
2.07e=03,
8.34e-04,
3-37e-OM,
1 .833-05 ?

[eNeNeNoNel
.

[oNeoNeNeNol

“ % w e -

4,24e=-03,
1.93e-03,
7.56e-04,
2.97e=04,
1.32e=05,

1.15e=04,
6 .11e-05 y
4.99e-C5,
1 .uZe-OS 1)
0.0 ’

.
nd
«“'
ki
¥




:
F Y 3

QO OO Re

O 0O 0O K Re Re Ro Qo Re O O O Re R Ro Qo R Re

O 00000 K R R* R* Re R

O O O R A* Re Re Re Re

f* A~

0.0 '

0.0 s 0.0 /

AEROSOL SCATTERING - CLEAR

data at2b/
1.36e-01,
3.63e-03,
2.62e=03,
2.11e=03,
4.77e-~04,
1.01e=06,

9.03e~02, 3.93e-02,
2.94e=-03, 2.88e-03,
2.58e~-03, 2.45e-03,
1.91e~03, 1.50e=03,
3.90e-04, 1.96e-04,
0.0 , 0.0 /

AEROSOL ABSORPTION - HAZY

data at2e/
1.53e-02,
8.39e"05 ?
6 .06e—05 ’
4.88e-05,
1.10e~05,
0.0 ’

9.26e-03, 3.39e-03,
6.79e~05, 6.65e=05,
5 097e‘05 ) 5 -673-05 [
4.40e-05, 3.46e=05,
9.00e-06, 4.53e-06,
0.0 , 0.0 /

AEROSOL SCATTERING - HAZY

data at2d/
6.63e-01,
3.63e-03,
2.62e-03,
2.116-03,
4,77e=-04,
1.01e=06,

4,01e=01, 1.47e=01,
2.94e-03, 2.88e-03,
2.58e-03, 2.45e-03,
1.91e=-03, 1.50e-03,
3.90e-04, 1.96e-04,
0.0 , 0.0 /

1.67e=02,
2.86e=03,
2.35e=03,
1.09e=03,
5.52e-05,

1.24e=-03,
6.61e=05,
5.44e-05,
2.52e-05,
1.28e=-06,

5.36e=02,
2.86e=03,
2.35e=03,
1.09e-03,
5.52e=05 ’

7 089e-03 1
2.77e=03,
2.23e-03,
8.07e-04,
1.”56-051

4.52e=04,
6.39e=05,
5.1’43-051
1.87e=05,
0.0 )

1.96e-02,
2.77e=-03,
2.23e=03,
8.07e-04,
1.45e=05,

4,98e-03,
2.64e=03,
2.16e=-03,
6.13e=04,
3.83e=06,

1.65e-04,
6 -1 16-05 ']
4.99e=05,
1 .’426-05 ?
0.0 ’

7.14e=03,
2.6l4e=-03,
2.16e=-03,
6.13e=04,
3.83e=06,

RERBURRRZARRAREREARDRERARRRRRRRERARERERERRRRARERREANSRENRERS

WAVELENGTH IS .860 MICRONS

TROPICAL MOLECULAR ABSORPTION

at31/

- w % w e e

.- % e e ow
Nw v v w

TROPICAL MOLECULAR SCATTERING

data at32/

- @ w w -

1 089e-°3 ’ 1 -81 e-03 ’ 1 .6’4e-03 y 1 ou 93-03 y
1.10e=03, 9.92e-04, 8.94e-04, 8.00e-04,

¥
1]
’
?
’

1 .3ue-03 ?
7 . 1 68-0)4 )

e NoNeNoNeo]
. % e v o

1.22e-03,
6 .38e=-04,
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O O 0O R* R*R* R* R* R QO 0O 0O R* R* Re o R o D 0O O R Re e R Re Re 0 O 0O 8 Re Qo Re

O O O Re Re Qo Re Re R

Re Re

5.67Te=04, 5.07e=04, 4.43e-04, 3.89e-04,
2.45e-04, 2.03e-04, 1.68e=04, 1.40e=-0l,
8.35e-05, 7.09e-05, 4.73e-05, 2.16e-05,
2.56e=-06, 0.0 , 0.0 /

MIDLATITUDE SUMMER MOLECULAR ABSORPTION
d

ta at33/

.
L3
)
L]
.

OO0OO0OO0OO0OOw
[eReReoNoNaNoN
“ w e e e -
“ w w % w w

. e W e

N T Y

MIDLATITUDE SUMMER MOLECULAR SCATTERING

data at3y/
1.93e-03, 1.84e=-03, 1.66e-03, 1.60e-03,
1.10e=03, 9.90e-04, 8.87e-~04, 7.96e-04,
5.60e-04, 4,95e-0Q4, 4.30e=-04, 3.67e=0U4,
2.28e-04, 1.95e-04, 1.66e=~04, 1.42e-04,
8.78e-05, 7.50e-06, S.64e~05, 2.32e-05,
2.79e-06, 1.05e-06, 0.0 /

MIDLATITUDE WINTER MOLECULAR ABSORPTION

data at35/
0.0 , 0.0 , 0.0 , 0.0 '
0.0 , 0.0 , 0.0 , 0.0 '
0.0 , 0.0 , 0.0 , 0.0 ’
0.0 , 0.0 , 0.0 ~ 0.0 ’
0.0 , 0.0 , 0.0 , 0.0 ’
0.0 , 0.0 , 0.0 /

MIDLATITUDE WINTER MOLECULAR SCATTERING

data at36/
2.09e-03, 1.98e-03, 1.77e~03, 1.58e-03,
1.13e-03, 1.00e-03, 8.92e~04, 7.90e-04,
5.22e=-04, 4.47e-04, 3.84e~04, 3.29e-04,
2.0Te=04, 1.77e=-04, 1.52e~04, 1.29e-04,
8.06e=-05, 6.88e=05, U4.5%e-05, 2.07e=06,
2.12e-06, 0.0 s, 0.C /

SUBARCTIC SUMMER MOLECULAR ABSORPTION

data at37/
0.0 , 0.0 , 0.0 , 0.0 ,
0.0 , 0.0 , 0.0 y 0.0 '

3.39e=-04,
1.17e-04,
1.03e=05,

. e w w w

1.36e=-03,
T.11e=-04,
3.12e=04,
1.21e-04,
1.11e-05,

[eNeNolNeNe]
.
OO0O0O0OO0

. % v e -

1.41e=-03,
6.98e-04,
2.82e-04,
1.10e-04,
9.2T7e=06,

2.92e-04,
9 .8’46-05 E]
5.04e-06,

OO0 O0O0
L]

e NoNolNoNe

- % % e e

1.22e-03,
6.32e=04,
2.67e-04,
1.03e=-04,
S.l44e=-06,

[eNeNeNoNe]
.

[eNeoNeNoNe]

. % o ow e

1.26e=-03,
6 .08e-04,
2.42e=-04,
9-“33‘051
4.31e=-06,

o o
.

20




LAY

A

D0 O A R* R* Re R* Re 0O O O K R R° R Ro Re O 0O O R Re R° Re Ro Re 0O O O R° Re Re f* K* Re 0O 0O O R Re R Re

- -

v w v -

SUBARCTIC

data at38/
1.97e-03,
1.11e-03,
5.32e=-04,
2.15e-04,
8.66e-05,
2.85e=06,

SUBARCTIC

at39/

. w w w e w

SUBARCTIC

data at30/
2.21e=03,
1.13e-04,
4 .,94e-04,
1.94e~-04,
7.60e~05,
1.88e~06,

- e - -

N e -

[o N e Ne
.
(o NeNe)

- e -

SUMMER MOLECULAR SCATTERING

1.87e=03,
9.93e-04,
4.57e=04,
1.85e-04,
7.1”6-05 ’
1.09e-06,

O OO
.
oo No]

1.69e-03, 1.53e-03, 1.37e-03,
8.90e-04, T.95e-04, 7.08e-04,
3.93e-04, 3.37e-04, 2.90e-04,
1.59e-04, 1.36e-04, 1.17e=04,

5.01e=05,
0.0 /

2.35e-05,

WINTER MOLECULAR ABSORPTION

w % w v w e

e @ v - e

(eeNeNoNe
.
[eNeNeNoNe)

w W W w .

WINTER MOLECULAR SCATTERING

2.06e=-03,
1.01e=04,
4,22e-04,
1.66e=04,
6 .u9e-05 ’
0.0 ’

1.81e=04,
8.94e-04,
3.61e=04,
1.42e-04,
3.319-05,
0.0 /

AEROSCL ABSORPTION - CLEAR

data at3a/
1.52e-02,
4.07e-04,
2.94e=-04,
2.36e-04,
5-3ue-05,
0.0 '

1.01e=02,
3.29e-04,
2.8%e=04,
2.13e-04,
u-363-05p
0.0 ’

4.41e-03,
3.22e-04,
2.75e=04,
1.68e=04,
2.20e=05,
0.0 /

AEROSOL SCATTERING - CLEAR

datz2 at3b/
9.03e-02, 5-90\-02’ 2.616—02,
2.41e=03, 1.9~ =03, 1.91e-03,

1.60e-04,
7 .84e-04,
3.08e-04,
1.22e=-04,
1-91&-059

1.88e-03,
3.20e-04,
2.64e~04,
1.22e=04,
6.19e=06,

1.11e=02,
1.90e-03,

1.11e-05,

.- w w v -

1.42e-014,
6.76e-04,
2.64e=-04,
1.04e-04,
8.60e-06,

8.8l4e-04,
3.10e=04,
2.49e-04,
9.0l4e=05,
1.63e=06,

5.2l4e-03,
1.83e-03,

[eNeNe)
L]
e Nel o]

1.23e-03,
6.19e=04,
2.50e-04,
1.01e-Cl,
5.48e-06,

[eNeoNeoNeNe]
.
[eNeoNeNeNo)

1.27e-04,
5.78e-04,
2.26e-04,
8.89e-05,
3.94e=06,

5.58e-04,
2.96e-0l,
2.42e-04,
6 .86e=-05,
0.0 ,

3.30e-03,
1.75e=03 ’
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0O 0O 0O Re > Ro Ko

O 00 00 O ReKRSRe RS R Re O O O R ReRe RO Re Re

0 0O 0O Re Re Re Re Re Re

Q0O O R R° R R ReRe

1 .7“3-03 ’
1.40e=-03,
3.16e=04,
0.0 ’

1.71e=03, 1.63e=-03,
1.26e-03, 9.94e-04,
2.59e~04, 1.30e-04,
0.0 , 0.0 /

AEROSQL ABSORPTION - HAZY

data at3ce/
T.43e-02,
4.07e=04,
2.9l4e~04,
2.36e=04,
5.34e-05,
0.0 ’

4.49e-02, 1.64e-03,
3.29e-0l, 3.22e-0k,
2.89%e-04, 2.75e=04,
2.13e-04, 1.68e=04,
4.36e-05, 2.20e-05,
0.0 , 0.0 /

AEROSOL SCATTERING - HAZY

data at3d/
} ., 40e-01,
2.41e=03,
1.The=03,
1.40e=-03,
3.16e=-04,
0.0

2.66e-01, 9.72e-02,
1.95e-03, 1.91e-03,
1.71e-03, 1.63e-03,
1.26e-03, 9.94e=04,
2.59%-04, 1.30e-04,

, 0.0 y 0.0 /

1.56e-03,
7 .25e=-04,
3 .676-05 ’

6 .00e-03,
3.20e-04,
2.64e-04,
1.22e=-04,
6.19e=06,

3.56e=02,
1.90e-03,
1.56e=-03,
7 .25e=04,
3 o67e"05 ]

1.48e=03,
5.36e=04,
9 .656-06 '}

2.19e~03,
3.10e~04,
2.49e-04,
9.04e-05,
1.63e-06,

1.30e=02,
1.83e-03,
1.48e-03,
5.36e-04,
9.65e=06,

1.43e=02,
4,06e-04,
2.5U4e=06,

8.00e=-04,
2.96e=04,
2.42e=04,
6 .86e=-05,
.0,

4.74e=-C3,
1.75e=-03,
1.43e=-03,
4.06e-04,
2.54e=-06,

EEERBRARRRRERRRERERRRREEXRRERRRATERERRERRERERRRRRRRRRERET NN

WAVELENGTH IS 1.06 MICRONS

TROPICAL MOLECULAR ABSORPTION

aty1/

w % e W W e

OO0OO0OO0O00

> ReloNoNoNe ]

“ w w w e -

Nw w v v

.
.
.

TROPICAL MOLECULAR SCATTERING

data ati2/

- e w e e

OO0 0O0OO0O0
*
oReNoNoNe)

8.04e-04, T.68e-0U, 6.99e~04, 6,33e-04,
4 ,69e~04, U4.22e¢-04, 3.80e-04, 3.41e-04,
2.41e-04, 2.13e~04, 1.88e-04, 1.66e=04,
1.05e-04, 8.63e-05, T.16e-05, 5.96e=05,
3.55e=-05, 3.02e-05, 2.01e-05, 9.20e=06,

1.09e=~06,

0.0 y 0.0 /

MIDLATITUDE SUMMER MOLECULAR ABSORPTION

w w e w -

[eNoNoNoNe]

« . .
o NeleNoNa)
“ % % e o

5.72e-04, 5.19e=04,
3.04e-04, 2.72e-04,
1.44e=-04, 1.24e-04,
4,98e-05, 4.19e-05,
4.37e=-06, 2.15e=06,

e i ki o Sl s
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O QO O Re RoORe Re R e O O D ReRoReRe A R 0O 0O 0O KRR Qo e o 0O OO0 K9 KR RS RKe R RO
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OO0 0DO00O0O
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[ NeNoNeNoNe)

w % w e w e

.- w w e -

N © v w -

MIDLATITUDE SUMMER MOLECULAR SCATTERING

data atiyly/
8.20e-04,
4,69e-04,
2.39e=-04,
9.72e=05,
3 .7’43-05 ’
1.19e=06,

7.81e=04,
4,21e=04,
2.11e=04,
8.29e-05,
3.19e=05,
0.0 1

7.06e=04, 5.38e-04,
3.78e-04, 3.38e-04,
1.83e=04, 1.56e-04,
7.0Te-05, 6.02e-05,
2.15e-05, 9.89%e-06,
0.0 /

MIDLATITUDE WINTER MOLECULAR ABSORPTION

atis/

- % e w e

- w w w e

. v v e

Nwe v w e -

MIDLATITUDE WINTER MOLECULAR SCATTERING

data atlb/
8.91e=04,
4.80e-04,
2.22e-04,

8.43e=04,
4.,2Te=04,
1.90e-04,

7.52e-04, 67.70e-0k,
3.80e-04, 3.36e-04,
1.63e=04, 1.40e-04,

8.80e-05, 7.53e-05, 6.45e-05, 5.51e-05,

3 ou3e-05 y
0.0 ,

SUBARCTIC

dat.

ats7/

?
)
?
’
!
1

SUBARCTIC

a
0.
0.
0.
0
0
0

COOO0OOQOOMm

2.83e=-05,
0.0 ?

1.95e-05, 8.79e-06,
0.0 /

SUMMER MOLECULAR ABSORPTION

“ w W w e w

[eNeNeNoNo)
o e »
e NeNeNoNo]

- w e w w

\%.%"

SUMMER MOLECULAR SCATTERING

. e W e e

5-77e-oui
3.02e=-04,
1.33e-04,
5.14e=-05,
4.71e-06,

- e w e e

5.99%e=04,
2.9Te=~04,
1.20e=04,
4.70e=-05,
3.95e-06,

v v w w w

0.0 ’
0.0 '
0.0 ,
0.0 ,
0.0 ,
5.21e-04,
2.69e-04,
1.1l4e=-04,
4.38e-05,
2.31e=06,
0.0 ’
0.0 ,
0.0 ,
0.0 ,
0.0 '
5.37e-04,
2.59%e-04,
1.03e-04,
4.01e=-05,
1.83e=-06,
0.0 '
0.0 ’
0.0 ’
0.0 ,
0.0 ’

YA TR s Y
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data atu8/
8.38e-04,
4.71e=04,
2.26e=04,
9.14e-05,
3.69e=-05,
1.21e=06,

SUBARCTIC

aty9/

. w w e v -

SUBARCTIC

data aty0/
9.39e-04,
4,.82e~-04,
2.10e=04,
8.25e=05,
3.233-05,

7.98e-04, 7.21e-04, 6.50e-04,
4.23e-0l4, 3.79e=-04, 3.38e-04,
1.95e-04, 1.67e-04, 1.4k4e-0l,
7.86e-05, 6.75e¢-05, 5.80e-05,
3.15e-05, 2.13e-05, 9.98e-06,

0.0 ’

0.0 /

WINTER MOLECULAR ABSORPTION

. o

[eNeNoNeNo N
*
[eNoNeNeNoNe)

YV W W e w ow

N w v -

- % w w e

WINTER MOLECULAR SCATTERING

8.77e-04,
4.20e-04,
1.80e=-04,
7.069-05,
2.76e=-05,

T.70e-04,
3.81e=-04,
1.54e=04,
6 .06e-05 ?
1.84e=-05,

0.0 , 0.0 , 0.0 /
AEROSOL ABSORPTION - CLEAR

data atdas
1.98e-02, 1.31e=02, 5.71e=03,
5.2Te=04, 4.2Te-04, U,18e=-04,
3.81e-04, 3.75e-04, 3.56e-04,
3.06e~04, 2,.TTe-04, 2.168e=04,
6.939-05’ 5-66e-05’ 2.859-05,
0.0 » 0.0 , 0.0 /

AEROSOL SCATTERING - CLEAR

data atlb/
6.79e~02, 4.50e-02, 1.96e-02,
1.81e=03, 1.47e=03, 1.44e=03,
1.31e=03, 1.29e-03, 1.22e=-03,
1.05e-03, 9.51e-04, 7.48e=-04,
2.38e~04, 1.9L4e-04, 9.79e=05,
0.0 s 0.0 y 0.0 /

AEROSOL ABSORPTION - HAZY

6 .82e-04,
3.34e-04,
1.31e=05,
5.17e=05,
8.14e-06,

2.43e-03,
4.15e-04,
3.42e-04,
1.59%e=04,
8.02e-06,

8.36e=03,
1.43e=-03,
1.18e=03,
5.45e=04,
2.76e-05,

5.84e~04,
3.01e=04,
1.23e-04,
4,99e-05,
4.73e=06,

[eNeoNoNeNo
L)
[N oNeNo o]

. % % w w

6 .06e-04,
2.88e-04,
1.12e=05,
," .u?e-os ]
3.66e-06,

1.15e=03,
4.01e=-04,
3.23e=04,
1.17e=04,
2.11e=06,

3 .9’4e-03 ’
1.38e-03,
1.11e=03,
4.03e-04,
7.28e=06,

S.2Ue=-04,
2.64e-0l,
1.06e=-04,
k,29e~05,
2.33e=-06,

[ NeRao ol
. o

OO0 O0O0

. - % e e .

5.40e-04,
2.46e=04,
9 06 3e-05 ]
3.78e-05,
1.68e~06,

T .23e-04,
3.84e~04,
3.13e~04,
8.89e~04,
0.0 ’

2.409e-03,
1.32e-03,
1.08e=-03,
3.06e-04,
1.91e=06,
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data atidc/
9.63e=02,
5.2Te=04,
3.81e=-04,
3.06e=04,
6.93e-05,
0.0 ’

5.82e=-02,
4.27e=-04,
3.75e=-04,
2.77e-04,
5 .563-05 1
0.0 s

2.13e=02, 7.78e=03,
4,.18e=04, U4,15e=04,
3.56e-04, 3.42e=-04,
2.18e=-04, 1.59e=04,
2.85e~05, 8.02e-06,
0.0 /

AEROSOL SCATTERING - HAZY

data atid/
3.31e-01,
1.81e-03,
1.31e=03,
1.05e-03,
2.38e-04,
0.0 ’

2.00e=-01,
1.47e=-03,
1.29e-03,
9.51e=-04,
1.94e=-04,
0.0

7.31e-02, 2.67e-02,
1.44e=03, 1.43e=03,
1.22e~03, 1.18e-03,
7.58e-04, 5.45e=-04,
9.79e-05, 2.76e-05,

, 0.0 /

2.84e-03,
4.01e-04,
3.23e-04,
1.17e=04,
2.11e-06,

9.T76e=-03,
1.38e=-03,
1.11e=03,
4.03e-04,
7 .26e=06,

1.04e-03,
3.84e~-04,
3 .13e-04 y
8.8%e=-04,
0.0 '

3.56e-03,
1.32e-03,
1.083’03’
3.06e-04,
1.91e-06,

FRERRERBBERRRRRRARRERRRER SRR RN R RREERRBAR AR AR REARERERERR

WAVELENGTH IS 10.591 MICRONS

TROPICAL MOLECULAR ABSORPTION

data ats1/
5.7%e=-01,
5.02e=02,
1.29e=02,
3.56e-03,
9.04e-03,
6 .04e-03,

5.17e=01,
3 . 99e-02 ]
1.04e=02,
4.35e-03,
9.91e=03,
9.01e=04,

2.85e-01, 1.81e=01,
3.20e-02, 2.63e-02,
7.38e~03, 5.85e-=03,
5.19e=03, 6.27e=03,
1.20e~02, 1.19e-02,
1.54e~05/

TROPICAL MOLECULAR SCATTERING

ats5a/

- W w w o« »

(e RoNeNoNo o]
[eNoNoNoNoNa

. w W W e o=

- w w % »

N I S

MIDLATITUDE SUMMER MOLECULAR ABSORPTION

data at53/
3.58e=01,
4.47e-02,
1.24e-02,
8.47e~03,
1.11e~02,
7-523-031

3.26e-01,
3.76e=02,
9.53e-03,
8.56e=03,
1.11e-02,
1.08e-03,

1.88e-01, 1.15e-01,
3.02e-02, 2.38e-02,
8.34e-03, 8.70e-03,
8.93e-03, 9.19e-03,
1.33e-02, 1.32e-02,
1.74e=05/

9.62e-02,
2.07e=02,
4.33e-03,
7.47e-03,
1.10e=02,

7.58e-02,
1.95e=-02,
8.49e-03,
9.72e-03,
1 027e-02,

6.29e-02,
1.65e=02,
3.32e-03,
8.35e=03,
8.86e-03,

[« NeoNeoNeNa
L]

OO0 00O

. e e e -

5.54e-02,
1.57e=-02,
8.36e-03,
1.01e=02,
1.06e=02,

25
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MIDLATITUDE SUMMER MOLECULAR SCATTERING

data at54/
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 ,

MIDLATITUDE WINTER MOLECULAR ABSORPTION

data at55/
7.94e=02, T7.31e-02,
2.62e-02, 2.15e=02,
9.48e-03, 9.36e~03,
8.56e-03, 8.25e-03,
8.11e-03, 8.38e-03,
4.40e-03, 2.T4e-04,

0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 , 0.0 ,
0.0 /

5.89e-02, 4.91e=02,
1.73e=02, 1.40e-02,
9.3“3‘03 ’ 9.00e~=03 ’
8.01e-03, 8.19e-03,
8.09e-03, 6.85e-03,
1.58e=04/

MIDLATITUDE WINTER MOLECULAR SCATTERING

data at56/
0.0 , 0.0 ’
0.0 , 0.0 ’
0.0 , 0.0 ’
0.0 , 0.0 ,
0.0 , 0.0 ’
0.0 , 0.0 ’

0.0 y 0.0 ’
0.0 y 0.0 '
0.0 » 0.0 ’
0.0 » 0.0 ’
0.0 y 0.0 ’
0.0 /

SUBARCTIC SUMMER MOLECULAR ABSORPTION

data ats7/

2.01e=-01,
3 .7’46-02 ?
1.23e=02,
1 .203"02 9
1.20e=-02,
8.19e-03,

SUBARCTIC

at58/

“ w w v e w

1.82e-01,
2.86e=-02,
1.18e=02,
1.20e-02,
1.27e-02,
1.10e=03,

1.14e~01, 8.15e-02,
2.28e-02, 1.79e-02,
1.23e=-02, 1.22e-02,
1.22e-02, 1.19e-02,
1.45e-02, 2.01e-02,
1.76e=05/

SUMMER MOLECULAR SCATTERING

. % w v w -

el eNeNo N ]
L)
[eNoNoNeN

- @« w e -

N w v w -

- w e e -

4.04e-02,
1.08e-02,
8.75e-03,
8.19e-03,
6.71e=03,

- w w W -

6.09e-02,
1.38e-02,
1.17e=02,
1.21e=-02,
1.40e=02,

“ w v e -

0.0 ’
0.0 ,
0.0 '
0.0 '
0.0 .
3.2le=02,
9.81e~03,
8.57e=03 I3
8.16e~03,
6.02e-03,
0.0 ’
0.0 ’
0.0 ’
0.0 ’
0.0 ’
4.66e-02,
1.20e=02,
1.22e-02,
1.21e=02,
1.19e-02,
0.0 '
0.0 ’
0.0 y
0-0 ’
0.0 ’

26
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SUBARCTIC WINTER MOLECULAR ABSORPTION

data at59/

4.12e-02, 4.15e-02, 4.00e-02, 3.52e-02,
1.93e=-02, 1.51e=02, 1.17e~-02, 9.59e-13,
8.91e-03, 8.73e-03, 9.11e-03, 8.89e-03,
8.32e~03, 8.21e=03, 7.88e-03, 7.78e=-03,
7.33e~03, 6.84e-03, 7.24e-03, 5.78e-03,

3.08e~03,

7.76e=-04, 1.79e-05/

SUBARCTIC WINTER MOLECULAR SCATTERING

data atS50/

OCOO0CO0OCCOMm
[eNeNeNoNoNoN ]
. e e e w

COoOO0OO00O0

s o e
[eNeNeNeNoNe]

v W W w W w

e » % v ow

AEROSOL ABSORPTION - CLEAR

data ats5a/
5.48e=-03,
1.46e=-04,
1.06e-04,
8.50e-05,
1.92e=05,
0.0 ’

3.64e~03, 1.58e-03,
1.18e-04, 1.16e=04,
1.04e-04, 9.89e-05,
7 .68e-05, 6.0l4e=05,
1.57e<05, 7.90e-06,
0.0 s 0.0 /

" AEROSOL SCATTERING - CLEAR

data atsb/
4,65e-03,
1.24e-04,
8.96e=05,
T7.21e-05,
1.63e=05,
0.0 ,

3.09e-03, 1.34e-03,
1.00e-04, 9.83e~05,
8.83e=05, 8.39e~05,
6.51e=05, 5.12e-05,
1.33e-05, 6.71e=06,
0.0 , 0.0 /

AEROSCL ABSORPTION - HAZY

data at5c/
2.67e=02,
1.46e=0b,
1.06e=-04,
8.50e-05,
1.929-05,
0.0 [

1.61e-02, 5.90e-03,
1.18e=-04, 1.16e=04,
1.04e-04, 9.89e-05,
7.68e=05, 6.04e=05,
1.573-05, 7-903-06,
0.0 s 0.0 /

[« NeNeNeNe)
.
[eBeoNeNoNo

. v e % ow

6.75e=04,
1.15e=04,
90)4 96-05 ]
u .uoe-os ?
2.23e-06,

5.73e-04,
9.77e=05,
8-059‘05,
3.7“3-05:
1.89e~06,

2.16e=03,
1 .158-0“ ]
9.“93-05:
4.40e-C5,
2.23e=06,

3.05e-02,
8.93e-03,
8.77e=03,
7-529'03)
5.10e=03,

OO0OO0OO0O0
. .
[ NeNeoloNel

- w v v -

3.18e-04,
1.11e-04,
8.97e-05,
3.25e=05,
0.0 s

2.T70e=04,
9.45e-05,
7 .61e=05,
2.76e-05,
0.0 ,

7 088e"0u ]
1.11e=04,
8.97e‘05,
3.25e=05,
0.0 '

2.45e-02,
8.92e-03,
8.56e~03,
T.21e=03,
4.10e~03,

eNoNeoNeNol

. .
OOO0O0O0
v % v e -

2.01e=04,
1.06e=04,
8.69e=-05,
2.47e=05,
0.0 oy

1.70e=04,
9.0“6-05,
7.38e=05,
2.09e=05,
0.0 ’

2.88e-04,
1.06e=-04,
8.69e-05,
2.4Te=C5,
0.0 ’

e,

i3

P R Ay
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AEROSOL SCATTERING - HAZY

data atsd/

] 0.0

0.0 /
] L
(2221222222222 2RS4 22 222222222222 2222222222222

2.27e=-02, 1.37e-02, 5.01e-03, 1.83e-03, 6.68e-04, 2.44e-0l,
') 0.0

1.24e~04, 1.00e-04, 9.83e-05, 9.77e-C5, 9.45e-05, 9.04e=05,

8.96e~05, 8.83e-05, 8.39e-05, 8.05e-05, 7.61e-05, 7.38e=-05,
7.21e~05, 6.51e=05, 5.12e-05, 3.T4e-05, 2.76e~05, 2.09e-~05,

1 .633-05, 1 .336-05, 6 o71e-06 ) 1 !89e-06 [ 0-0

o.o

Yo o Y QOO OO O

OPTIONAL STORAGE FOR INPUT DATA

TROPICAL MOLECULAR ABSORPTION

.~ o &8 8 o~

data at61/

o ol o8 oY Y ¥ OO O

TROPICAL MOLECULAR SCATTERING

data at62/

o o & 8 9w

o o of ol ¥ ¥ O U O

O
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o+ ReRo N o]
¢ » ¢ e
[=N=Re oo
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« e o o o
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[=NeRoRoNe]
* @ e o L]
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e s e @

OOO0OO00O0O

LR U S Y

oooonwo
.

* & v &

COO0OO0O0O0O

- o m a6 o«

0

Ooooo
* °» o o o o

OO0OO0OO0O0O

data até3/

0

o oY oY MYy OO O

MIDLATITUDE SUMMER MOLECULAR SCATTERING

data atfi/

o0 o0
[eNelNo

-~ o -«

[e R e Neo
e o
oMo o]

-~ n o

OO
[= N o

0 O0O
« o o
O OO
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AEROSOL ABSORPTION - CLEAR
AEROSQL SCATTERING - CLEAR
AEROSOL ABSORPTION - HAZY
AEROSOL SCATTERING - HAZY

data at60/
data atbb/
data atée/
data atéd/
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PR RV

c

3

&

c

000000

00

0.0 y 0.0 y 0.0 , 0.0 , 0.0 , 0.0 ,
0.0 , 0.0 , 0.0 , 0.0 , 0.0 , 0.0 ,

0.0 , 0.0 , 0.0 / i
end q

subroutine tshare (nstop)

common/atmos/ alfa(5,2),alfset,alfab,ia,ab(33),as(33),at(33,14,6)
ymat,mvis
common/flags/mode, mcomp, mp, lam,modesw, lunit ,nout,istog, iotype,
irtype,ihet,ibflag,iw
common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
common/ srdata / asr,hs,phi,phiaz,dphi
common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

# darki & ptherm replace pnep, add g *
common/ sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sndb,xm,
bwopt,nflg,g
common/ stgout / nvel,svel,avel,ndown,ncros,numtot,hvnear,
hvfar,xdis,hdis,hdisdf,xclos,hclos,helsdf,kount
common /plte / xint(200),yint(200),h(200),dcomp(2),np,note

# srdark & srther replace srpnep #
common/block1/xmod(6) ,gainsr(6),qe(6),fnoise(6),srbw(6),
srdark(6),srther(6),alamda(6),obw(6),nhol(6)
common/ tbsdf / ng,gstart(3),gend(3),gampl(3),ybsdf,sbsdf,nbak,noa
s ibsdf
common/rsct/oasmax,diffoa,cafwhm,bnaxs,bfwhms,bdiff(6),psiaz,psiel
r8ams

* add labeled common wavefm ¥
common/ wavefm /npts,t,formd(1000),formi(1000),powerd(1000),
power1(1000)
logical prompt,change
data prompt,change/.true.,.false./
data onedeg,pi,r2d/.0174532925,3.141592654,57.29577951/
data hatm/100000./

i,

ikt ant

b

Al

WRCTIA"

SWITCH FLAG -- DEPENDS ON FILE STRUCTURE =MODESW
LOGICAL UNIT NUMBER FOR TERMINAL INPUT =LUNIT

IF FIRST CALL GO DIRECTLY TO INPUT LIST :
if (nstop.eq.0) go to 10 '
nstop=1

IF LAST CALL TO TSHARE, TERMINATE RUNS {

write (6,1220)

read (lunit,1890,end=650) nstop
if (nstop.eg.1) go to 680
nstop=10




32 ;

go to T00 :
3 Q
| J— e WAVELENGTH, LAM AND ALAMDA

10 nim=1 1
if (.not.prompt) write (6,750) nim .
if (prompt) write (6,1230) nim,lam ;
read (lunit,1890,end=650) lam 4

. if (lam.ne.6) go to 20 ]

3 - write (6,1240)

read (lunit,1890,end=650) alamda(6)

I 20 alam=alamda(lam)
- if (change) change=.not.change 3
[} N Q .4
! (] ATMOSPHERIC COEFFICIENTS 4

if (.not.prompt) write (6,760) nim
if (prompt) write (6,1250) nim,ia
read (lunit,1890,end=650) ia

L et

30  nim=28 ‘ ’

& if (ia.eq.2) go to 40
? (] SET DEFAULT ATMOSPHERIC COEFFICIENTS :
¥ alfsctzalfa(lam,1) 3
; alfabzalfa(lam,2)
. e
»! I3

ALLOWS USER TO OVERRIDE DEFAULT VALUES

Q

write (6,1310) alfsct
read (lunit,1890,end=650) alfsct
write (6,1320) alfab
read (lunit,1890,end=650) alfab
‘ go to 70
40 if (lam.ne.6) go to 50

READ IN DATA FOR NEW WAVELENGTH

o

write (6,1300)

read (lunit,1890,end=650) natfil

if (natfil.le.0) go to 10

read (natfil,1210) ((at(i,J,6),3=1,14),1=1,33)

c AFGL OPTIONS FOR ATMOSPHERIC MODEL AND VISIBILITY

50 write (6,1280) mat
read (lunit,1890,end=650) mat
write (6,1290) mvis
read (lunit,1890,end=650) mvis

e LOAD THE ABSORPTION AND SCATTERING ARRAYS AB AND AS

mati=2%mat-1
mpat2zmati+1




33

mvisi=10+2%myis=-1

mvis2=mvisi+1

do 60 j=1,33
ab(j)=(at(j,mat1,lam)+at{j,mvis1,lam))*1.e=3
: 60 as(j)=(at(j,mat2,lam)+at(j,mvis2,lam))*1.e-3
i 70 if (change) go to 670

e

T IR

c TRANSMITTER OPTICS DIAMETER, DT '
80 nim=2 :
if (.not.prompt) write (6,770) nim
if (prompt) write (6,1330) nim,dt

’c
[ S

-

read (lunit,1890,end=650) dt :
i if (change) go to 670 :
. o f
g c TRANSMITTER BEAMWIDTH, PHIT ;
p 90 nim=3 i
K if (.not.prompt) write (6,780) nim
‘ if (prompt) write (6,1340) nim,phit
- read (lunit,1890,end=650) phit
ﬁ o] CHECK TO SEE IF DIFFRACTION LIMIT IS EXCEEDED
: diffl=1.22%alamda(lam)/dt
Q if (phit.gt.diffl) go to 100
‘ write (6,1270) diffl
: go to 90
100 if (change) go to 670
¢
¢ BSDF PARAMETERS
110 nim=31

if (prompt) write (6,1350) nim,ibsdf
' read (lunit,1890,end=650) ibsdf
if (ibsdf.eq.1) go to 130
o . write (6,1360) ybsdf
read (lunit,1890,end=650) ybsdf
write (6,1370) sbsdf
read (lunit,1890,end=650) sbsdf
write (6,1380) ng
read (lunit,1890,end=650) ng
if (ng.eq.0) go to 130
do 120 i=1,ng
write (6,1390) i,gstart(i),i,gend(i),1i,gampl(4i)
read (lunit,1890,end=650) gstart(i),gend(i),gampl(i)
120 continue
130  if (change) go to 670

e LINK RECEIVER OPTICS DIAMETER, DR
140 nim=4
if (.not.prompt) write (6,790) nim
if (prompt) write (6,1400) nim,dr
read (lunit,1890,end=650) dr
if (change) go to 670

i TR ot ke b b




150

160

170

180

190

200

210

220

BACKSTOP PARAMETERS

nim=32

write (6,1430) nim,nbak

read (lunit,1890,end=650) nbak

if (nbak.eq.1) go to 170

if (nbak.eq.2) go to 160

write (6,1450)

read (lunit,1890,end=650) bdiff(lam)
bmaxs=bdiff(lam)

go to 170

write (6,1440) bmaxs,bfwhms,bdiff(lam)
read (lunit,1890,end=650) bmaxs,bfwhms,bdiff(lam)
if (change) go to 670

ORIENTATION OF BACKSTOP

nim=44

psiaz=psiaz®*r2d

if (.not.prompt) write (6,800) nim
if (prompt) write (6,1410) nim,psiaz
read (lunit,18%0,end=650) psiaz
psiazspsiaz/r2d

psiel=psiel®*r2d

if (.not.prompt) write (6,810)
if (prompt) write (6,1420) psiel
read (lunit,1890,end=650) psiel
psiel=psiel/r2d

if (change) go to 670

RECEIVER OPTICS REFLECTION PARAMETERS

nim=33

if (prompt) write (6,1460) nim,noa

read (lunit,1890,end=650) noa

if (noa.eq.1) go to 200

write (6,1470) oasmax,oafwhm,diffoa

read (lunit,1890,end=650) oasmax,oafwhm,diffoa
if (change) go to 670 '

LINK TRANSMIT POWER (OUT OF OPTICS), PT
nim=6

if (.not.prompt) write (6,620) nim

if (prompt) write (6,1480) nim,pt

read (lunit,1890,end=65C) pt

if (change) go to 670

LINK RANGE, RL

nim=8

if (.not.proapt) write (6,840) nim
if (prompt) write (6,1500) nim,rl

34
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! 35
t
read (lunit,1890,end=650) rl
if (change) go to 670
c :
¢ LINK TRANSMITTER ALTITUDE, HT i
230 nim=9 ,’
if (.not.prompt) write (6,850) nim
if (prompt) write (6,1510) nim,ht
; read (lunit,1890,end=650) ht
v if (change) go to 670
E 3 [+]
:f\\i c LINK RECEIVER ALTITUDE, HR
b : 240 nim=10
K if (.not.prompt) write (6,860) nim
* if (prompt) write (6,1520) nim,hr
M read (lunit,1890,end=650) hr
,' if (change) go to 670
¢
c SPACE TO GROUND FLAG
250 nim=34 .
if (.not.change) go to 260 i
c IF SWITCH TO STOG THEN MUST REDO REST OF INPUTS !
change= .not.change :
write (6,1260) i
go to 10 o
260  if(ht.lt.hatm) go to 275 i

if (.not.prompt) write (6,870) nim ;
if (prompt) write (6,1530) nim,istog
read (lunit,1890,end=650) istog

if (.not.prompt) write (6,880) nim
if (prompt) write (6,1540) nim,x

c
4 e REST OF SPACE TO GROUND INPUTS » :
e :
. ¢ % jump to get turbulence for narrow beam analysis E
; 275 if (istog.eq.0) go to 320 i
.} mecomp= 1 ?
?} [o] .
; c PERPENDICULAR DISTANCE TO CENTER OF BEAM .
i 270 nim=35 ’
+

; read (lunit,1890,end=650) x

E

2 if (change) go to 670 j

y e 4

‘ E ¢ ELEVATION ANGLE OF SR ; b
] 280 nim=36 o
b - if (.not.prompt) write (6,890) nim 4
S theta=theta¥*r2d H

if (prompt) write (6,1550) nim,theta X |
read (lunit,1890,end=650) theta '
theta=theta/rad

if (change) go to 670




36

e
o] ALTITUDE AT GROUND LEVEL
290 nim=39
if (.not.prompt) write (6,950) nim
if (prompt) write (6,1610) nim,gl
read (lunit,1890,end=650) gl ;
if (change) go to 670 :
K fe) y
h (] FLAG FOR STOG INPUTS, IBFLAG .
- 300 nim=U6
Ty if (.not.prompt) write (6,900) nim
if (prompt) write (6,1560) nim,ibflag
3 read (lunit,1890,end=650) ibflag .
5 if (ibflag.eq.2) go to 330 ‘
’ . ] s
3 ' c TOTAL JITTER, SIGJ ’
L 310 nim=47 -
& if (.not.prompt) write (6,910) nim ]
p g if (prompt) write (6,1570) nim,sigj 3
iy read (lunit,1890,end=650) sigj ij
3 3 ¢
- { c TURBULENCE FLAG, IW
P . 320 nim=u8 .
™ if (.not.prompt) write (6,920) nim ]

if (prompt) write (6,1580) nim,iw

read (lunit,1890,end=650) iw

if (ehange) go to 670 1
¢ * jump out if narrow beam analysis * ‘

if (istog.eq.0) go to 350

go to 490 ;
¢
¢ RADIUS OF LINK BEAM i 2
» 330 nim=37
f - - if (.not.prompt) write (6,930) nim
' if (prompt) write (6,1590) nim,rbd
read (lunit,1890,end=650) rb

(<] EQUIVALENT POWER PER SQ.M

340 nim=38
if (.not.prompt) write (6,940) nim
if (prompt) write (6,1600) nim,grndi
read (lunit,1890,end=650) grndi
if (change) go to 670

e ;
go to 490 e

e E

<] COMPUTATION FLAG, MCOMP ‘ H

o] MCOMP=1 COMPUTE POWER RECEIVED

e MCOMP=2 COMPUTE S/N

e

+ oy e o 1 22 TR, VY T g
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SN MU

350 nim=25 i
if (.not.prompt) write (6,980) nim :
if (prompt) write (6,1640) nim,mcomp
read (lunit,1890,end=650) mcomp
if (change) change=.not.change

atildion

IF POWER IS THE DESIRED OUTPUT THE DETECTOR PARAMETERS ARE SKIPPED 4

MP = 1 ALL SOURCES INCLUDED f
2 ATMOSPHERIC CONTRIBUTION ONLY |
3 TRANSMITTER CONTRIBUTION ONLY
4 RECEIVER AND BACKSTOP CONTRIBUTION ? i

. Meta .
f

;.

WoOooooooo oo

[+
(=)

nim=5

if (.not.prompt) write (6,990) nim
if (prompt) write (6,1650) nim,mp
read (lunit,1890,end=650) mp

if (change) go to 670

'

if (mcomp.eq.1) go to 490

¢
370 nim=13
if (.not.prompt) write (6,1200) nim
if (prompt) write (6,1660) nim,irtype
J read (lunit,1890,end=650) irtype

2]

DEFAULT SR PARAMETERS IF DESIRED

‘ xm=xmod ( lam) _ ;
g=gainsr(lam) :
etazge(lanm)
f=fnoise(lam)

L bwr=srbw(lam) i

v ¢ ® set wavelength default values for darki & ptherm !
darki=srdark(lam)
ptherm=srther(lam)
bwopt=obw(lam)

if (irtype.ne.1) go to 380
- if (change) go to 670
go to 470

INPUT USER SUPPLIED PARAMETERS b

MODULATION DEPTH, XM
80 nim=14 : :
if (.not.prompt) write (6,1000) nim E
if (prompt) write {6,1670) nim,xm v
read (lunit,1890,end=650) xm i
if (change) go to 670 . j

c
e
e i
c
3




]

AT T N SO

a Dy

¢ DETECTION TYPE,IHET

390 nim=45
ihet=1
if (alam.lt.2.e-6) go to 400
if (.not.prompt) write (6,1010) nim
if (prompt) write (6,1680) nim,ihet
read (lunit,1890,end=650) ihet

400 if (change) go to 670

¢

¢

c HETERODYNE MIXING EFFICIENCY, EM

410 nim=15

- if(ihet.eq.1) go to 415

if (.not.prompt) write (6,1020) nim
if (prompt) write (6,1690) nim,em
read (lunit,1890,end=650) em

415  if (change) go to 670

e

c QUANTUM EFFICIENCY, ETA

420 nim=16
if (.not.prompt) write (6,1030) nim
if (prompt) write (6,1700) nim,eta
read (lunit,1890,end=650) eta
if (change) go to 670

¢

¢ * add detector gain *®

c DETECTOR GAIN

435 nim=52
if (ihet.eq.2) go to 440
if (.not.prompt) write (6,1035) nim
if (prompt) write (6,1705) nim,g
read (lunit,1890,end=650) g
if (change) go to 670

e

c NOISE ASSOCIATED WITH GAIN, F

430 nim=17
if (.not.prompt) write (6,1040) nim
if (prompt) write (6,1710) nim,f
read (lunit,1890,end=650) f
if (change) go to 670

¢

(o] SR BANDWIDTH, BWR

440 nim=18
if (.not.prompt) write (6,1050) nim
if (prompt) write (6,1720) nim,bwr
read (lunit,1890,end=650) bwr
if (change) go to 670

¢

¢ % due to fundamental difference in resulting noise statisties

e

e i

38
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H
e BN AL el e

c

e
450

451

e
460

[«
470

471

480

500

lumped noise parameter pnep must be separated into darki & ptherm #
THERMAL NOISE POWER, PTHERM, & DARK CURRENT, DARKI
nim=19

if(ihet.eq.2) go to 451

if (.not.prompt) write (6,1060) nim
if (prompt) write (6,1730) nim,ptherm
read (lunit,1890,end=650) ptherm

if (.not.prompt) write (6,1065) nim
if (prompt) write (6,1735) nim,darki
read (lunit,1890,end=650) darki

if (change) go to 670

SR OPTICAL BANDWIDTH

nim=29

if (.not.prompt) write (6,1070) nim
if (prompt) write (6,1740) nim,bwopt
read (lunit,1890,end=650) bwopt

if (change) go to 670

DAY/NIGHT SWITCH FOR BACKGROUND NOISE COMPUTATION
nim=30

if(ihet.eq.2) go to 4T1

if (.not.prompt) write (6,1080) nim
if (prompt) write (6,1750) nim,nflg
read (lunit,1890,end=650) nflg

if (change) go to 670

LINK INFORMATION BANDWIDTH, BW
nim=7

if (.not.prompt) write (6,830) nim
if (prompt) write (6,1490) nim,bw
read (lunit,1890,end=650) bw

if (change) go to 670

SR APERTURE AREA

nim=12

if (.not.prompt) write (6,970) nim
if (prompt) write (6,1630) nim,asr
read (lunit,1890,end=650) asr

if (change) go to 670

SR LINEAL FIELD OF VIEW, PHI
nim=11

if (.not.prompt) write (6,960) nim
if (prompt) write (6,1620) nim,phi
read (lunit,1890,end=650) phi

if (change) go to 670




o

510

il 0 Sl

SR LINEAL FIELD OF VIEW (AZIMUTH), PHIAZ
if (mcomp.ne.2.and.istog.eq.0) go to 520
nim=40

if (.not.prompt) write (6,1090) nim

if (prompt) write (6,1760) nim,phiaz
read (lunit,1890,end=650) phiaz

if (change) go to 670

TRANSMITTER HOOD LENGTH, BLT

nim=20

if (.not.prompt) write (6,1100) nim
if (prompt) write (6,1770) nim,blt
read (lunit,1890,end=650) -lt

TRANSMITTER HOOD DIAMETER, BDRT

nim=42

SET DEFAULT VALUE = TO OPTICS DIAMETER
bdrt=dt

if (blt.eq.0.) go to 540

if (.not.prompt) write (6,1110) nim

if (prompt) write (6,1780) nim,bdrt
read (lunit,1890,end=650) bdrt

if (change) go to 670

RECEIVER HOOD LENGTH, BLR

nim=21

if (.not.prompt) write (6,1130) nim
if (prompt) write (6,1790) nim,blr
read (lunit,1890,end=650) blr

RECEIVER HOCD DIAMETER, BDLR

nim=43

SET DEFAULT VALUE = TO OPTICS DIAMETER
bdlr=dr

if (blr.eq.C.) go to 560

if (.not.prompt) write (6,1120) nim
if (prompt) write (6,1800) nim,bdlr
read (lunit,1890,end=650) bdir

if (change) go to 670

SR ALTITUDE, HS

nim=22

if (istog.eq.0) go to 570

if (.not.prompt) write (6,1140) nim
if (prompt) write (6,1810) nim,hs
read (lunit,1890,end=650) hs

if (change) go to 670

ANGLE OF INTERCEPT PLANE, GAMINT

40




. 580 nim=U41

- if (istog.eq.1) go to 590

< if (.not.prompt) write (6,1160) nim
gamd=gamint#*r2d
if (prompt) write (6,1830) nim,gamd
read (lunit,1890,end=650) gamd
gamint=gamd/r2d

590 if (change) go to 670

e

¢ INTERCEPT MODE, MODE
600 if (istog.eq.1) go to 660
nim=26
if (.not.prompt) write (6,1150) nim
if (prompt) write (6,1820) nim,mode
read (5,1890,end=650) mode '
*# Pr(e) analysis not valid for heterodyne case #*
PR(E) ANALYSIS NOT VALID FOR HETERODYNE RCVR
if (mode.eq.6.and.ihet.eq.2) go to 605
¢ * add additional branching for mode 6 #
if (mode.eq.6) go to 610
if (mode.ge.¥.and.mode.lt.7) go to 630
if (mode.ne.T) go to 610
write (6,1870)
write (6,1880)
go to 600

00

c

c GO BACK TO ALLOW FOR CHANGE OF DECTECTION TYPE
605 write (6,1868)
go to 390
e o
610 if (change) change=.not.change i
¢ ;
¢ * add branching for mode 6 *
620 if (mode.gt.3.and.mode.ne.6) go to 630 3
nim=23 § 1
if (.not.prompt) write (6,1170) nim ;
if (prompt) write (6,1840) nim,rpx ]
read (lunit,1890,end=650) rpx L
if (change) go to 670 ;
e E
¢ % add branching for mode 6 * 3
630 if (mode.gt.3.and.mode.ne.6) go to 640 i
nim=24
if (.not.prompt) write (6,1180) nim i
if (prompt) write (6,1850) nim,x 9
read (lunit,1890,end=650) x 3
if (change) go to 670 ;
e
¢ * inputs for Pr(e0 analysis - theta,t,npts,form0,form! |
6§35 if (mode.ne.6) go to 660 :




42

c HAVE SR PARAMETERS NEEDED FOR MODE 6 BEEN INPUT?
if (mcomp.eq.2) go to 636
meomp=2
change=.not.change
go to 350
c
636 nim=49
: if (.not.prompt) write (6,890) nim
I theta=theta#*r2d
. if (prompt) write (6,1865) nim,theta
s read (lunit,1890,end=650) theta
o thetaztheta/r2d

5 if (change) go to 670

¢ BIT INTERVAL TIME, T

637 nim=50

if (.not.prompt) write (6,891) nim
if (prompt) write (6,1866) nim,t
read (lunit,1890,end=650) ¢

if (change) go to 670

(] SAMPLED SIGNAL WAVEFORMS, NPTS, FORMO & FORM®
638 nim=51
if (.not.prompt) write (6,892) nim
if (prompt) write (6,1867) nim,npts
} read (lunit,1890,end=650) npts
oo if (npts.eq.2%#(npts/2)) go to 638
: write (6,893)
read (lunit,1890,end=650) (formO(i),i=1,npts)
' . write (6,894)
read (lunit,1890,end=650) (form1(i),i=1,npts)
. if (change) go to 670

. -:-.‘,4.‘0.:-1..”..&.‘:. T
[¢]

go to 660
; 640 if (mode.lt.4) go to 660
nim=27
if (.not.prompt) write (6,1190)
if (prompt) write (6,1860) nim,dcomp(mcomp)
read (lunit,1890,end=650) dcomp(mecomp)
if (change) go to 670
go to 660
¢
; ¢ PROMPT SWITCH
é [«] TWO SCHEMES ARE POSSIBLE, ONE USING SEVERAL FILES
L (o] ON THE SAME LOGICAL UNIT, THE OTHER USING INCREMENTING
Y c LOGICAL UNIT NUMBERS. IN EACH CASE SEVERAL FILES MUST BE
E ¢ ALLOCATED TO THE TERMINAL SINCE EACH TIME THE PROMPT SWITCH
L «] IS USED THE CURRENT TERMINAL INPUT FILE IS TERMINATED.
. . e -
650 prompt=.not.prompt ‘
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7

’
&/

c
660

670

c
680

c
690
&

890

892

if (modesw.eq.2) lunit=lunit+
go to 690 ‘

write (6,710)
go to 680

write (6,720)

read (lunit,1890) nim
if (nim.eq.0) go to 680
go to 690

change=.false.
write (6,730)
read (lunit,1890) ic

if (ie.
if ({ie.

eq.3) go to 10
eq.2) go to T00

change=.true.
write (6,740)
read (lunit,1890) nim

# add input code branch points %
go to (10,80,90,140,360,210,480,220,230,240,500,490,370,380,410,42
0,430,440,450,520,540,560,620,630,350,600,640,30,460,470,110,150,1
%0,250,270,280,330,340,290,510,580,530,550,180,390,300,310,
320,635,637,638,435), nim

return

FORMAT STATEMENTS FOR PARTIAL PROMPT MODE

format
format
format
format
format
format
format
format
format
format
format
format
format
format
format
format
format
format
format
format
format

(//,10x,"end of inputs")

(10x,™next input? if none, enter 0")
(10x,"do you wish to change anything? 1-yes 2-no 3=-all")
(10x,"which input? enter input code.")
(3x,13,4x,"lamda ",2x,13)
(3x,13,4x,"ia " 2x,13)
(3x,13,4x,"dt " 2x,f7.3)
(3x,13,4x,"phit ",2x,1pe11.3)
(3x,13,4x,"dr " 2x,f7.3)
(3x,1i3,4x,"psiaz ",2x,£7.3)
(10x,"psiel ",2x,£7.3)

(3x,13,4x,"pt ",2x,1pe11.3)
(3x,13,4x,"bw " 2x,1pe11.3)
(3x,13,4x,"rl " 2x,1pel11.3)
(3x,13,4x,"ht n 2x,1pe11.3)
(3x,13,4x,"hr n, 2x,1pet1t.3)
(3x,1i3,4x,"istog ",2x,13)
(3x,13,4x,"x n 2x,1pe11.3)
(3x,13,4x,"theta ",2x,1pe11.3)
(3x,13,4x,"t n 2x,1pe11.3)
(3x,13,4x,"npts ",2x,1i3)
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893
894
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1035
1040
1050
1060
1065
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220

1230

1240
1250
1260

1270
1280

format (10x,"space waveform™)
format (10x,"mark waveform")
format (3x,13,4x,"ibflag",2x,13)

format (3x,i3,4x,"sigj
format (3x,i3,4x,"iw
format (3x,i3,4x,"rb

n.2x,1pe11.3)
", 2x,13)
" 2x,1pe11.3)

format (3x,i3,4x,"grndi ",2x,1pe11.3)

format (3x,i3,4x,"gl
format (3x,i3,4x,"phi
format (3x,1i3,4x,"asr

", 2x,1pe11.3)
n 2x,1pe11.3)
n 2x,1pe11.3)

format (3x,1i3,4x,"mcomp ",2x,i3)

format (3x,1i3,4x,"mp
format (3x,i3,4x,"xn
format (3x,1i3,4x,"ihet
format (3x,i3,4x,"em
format (3x,i3,4x,"eta
format (3x,i3,ix,"g
format (3x,1i3,u4x,"f
format (3x,i3,ix,"bwr

",2x,13)
n,2x%,£7.3)

" 2x%,13)

" 2x,fT7.3)

", 2x,£7.3)
",2x%,f7.3)
",2x%,£7.3)

n 2x,1pe11.3)

format (3x,13,4x,"ptherm",2x,1pe11.3)
format (3x,i3,4x,"darki ",2x,1pe11.3)
format (3x,i3,4x,"bwopt ",2x,1pe11.3)

format (3x,i3,4x,"nite

n,2x,13)

format (3x,1i3,4x,"phiaz ",2x,1pe11.3)

format (3x,i3,4x,"blt
format (3x,1i3,4x,"bdrt
format (3x,i3,4x,"bdlr
format (3x,i3,4x,"blr
format (3x,1i3,4x,"hs
format (3x,1i3,4x,"mode

n,2x,£7.3)
",2x,£7.3)
",2x,f7.3)
n,2x%,£7.3)

" 2x,1pe11.3)
",2x,13)

format (3x,i3,4x,"gamint",2x,1i3)

format (3x,13,4x,"rpx
format (3x,i3,4x,"x

" 2x,1pe11.3)
n. 2x,1pe11.3)

format (3x,i3,4x,"dcomp ",2x,1i3)
format (3x,i3,4x,"irtype",2x,1i3)

format (6x,7(1pe9.2))

format (10x,"do you want another run? 1=-yes

FORMAT STATEMENTS FOR FULL PROMPT MODE

format (3x,i3,4x,"lam

-- wavelength index

i3,/10x,"(1-.5145 2-.6328 3-.85 4=1.06
format (10x,"enter wavelergth in meters")
-~ atmospherics (1-user 2-afgl) ",2x,i3)

format (3x,i3,u4x,"ia

2-no")

",2x,
5-10.591 6-other)")

format (10x,"if changing to or from space to ground analysis, ",
"must input all values")
format (10x,"diffraction limit is ",1pe11.3," radians")

format (10x,"mat ~=- atmospheric nodel r,2x,1i3,/,

20x,"1 - tropical",/,20x,"2 - midlatitude summer©,/,20x,
"3 - midlatitude winter",/,20x,"4 - subarctic summer©,/,20x,

T
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"5 < subarctic winter")

format (10x,"™mvis == visibility (1-clear 2-hazy) n.2x%,i3)
format (10x,"which input file? must be allocated (eg.4)",/,10x,
"0 - skip back to top of inputs")

format (10x,"alfsct -- atmospheric scattering coef, 1/m",2x,
1pe11.3)

format (10x,"alfab =~ atmospheric absorption coef, 1/m",2x,
1ipe11.3)

format (3x,i3,4x,"dt -
ﬁ.3)

format (3x,i3,4x,"phit =~
1pe11.3)

format (3x,i3,4x,"ibsdf -
i3)

format (10x,"ybsdf -= bsdf y-intercept at 1 degree ", 2x,
1pe11.3)

format (10x,"sbsdf ~- bsdf slope (log-log) ", 2x,
1pe11.3)

format (10x,"ng ~- number of glitches (0 = 3) ", 2x,13)
format (10x,"enter ~-",/,15x,"gstart(",i1,") - start of glitch ",
"(degrees)",4x,0pf7.2,/,15x%, "gend(",1i1,") - end of glitch ",
"(degrees)",8x,0pf7.2,/,15x, "gampl(",i1,") - amplitude of glitch",
11x,1pe12.4)

format (3x,1i3,4x,"dr
£7.3)

format (3x,1i3,4x,"psiaz =-- az. orientation of backstop (deg) ",
2x,f7.3,/,21x," 0 - normal to beam")

format (10x,"psiel -- el. orientation of backstop (deg) ",2x,
£7.3,/,21x," 0 = normal to beam")

transmitter optics dizmeter, m ",2x,

transmitter beamwidth, radians ",2x,

bsdf (1-default, 2=-user) n, 2%,

-= link receiver optics diameter, m",2x,

‘format (3x,i3,4x,"nbak -~ backstop (1-default, 2-user, ",

"3.lambertian) ",2x,i3)

format (10x,"enter =-- bmaxs, bfwhms, bdiff "/21x,£8.4,2x,f8.4,
2x,f8.4)

format (10x,"bdiff -- diffuse reflectance (0 to 1) " 2x,/,
20x,"{lambertian model, eg. .1)",£7.3)

format (3x,1i3,4x,"noa -~ revr scatter (i-default, 2-user)",2x,
i3)

format (10x,"enter -- ocasmax, oafwhm, diffoa "/21x,f8.4,2x,f8.4,
2x,f8.4)

format (3x,1i3,4x,"pt -~ transmit power, watts n,2x,
1pet11.3)
format (3x,i3,4x,"bw -~ link bandwidth, hz " 2x,
1pet1.3)
format (3x,i3,i4x,"rl -=- link range, meters ", 2x,
1pe11.3)
format (3x,1i3,4x,"ht -- altitude of transmitter, meters ",2x,
1pe11.3)
format (3x,i3,4x,"hr -- altitude of link receiver, m ", 2x,
1pe11.3)

format (3x,i3,4x,"istog =-- space to ground (0-no, 1-yes) ", 2x,
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i3)

format (3x,13,4x,"x «= sr distance. to beam center, m 7,2x,
1pe11.3)

format (3x,i3,4x,"theta «- zenith angle of sr, deg " 2x,
1pe11.3)

format (3x,i3,4x,"ibflag -- inputs using turbulence 1-yes 2-no",
2x%,13)

format (3x,i3,4x,"sigj =-- total jitter, rad " 2x,
1pe11.3)

format (3x,1i3,4x,"ivw -= turbulence ", 2x,
i3,/,21x,"1=-severe 2-moderate 3-mild")

format (3x,i3,4x,"rb -- radius of link beam, m " 2x,
1pe11.3)

format (3x,i3,4x,"grndi -~ equivalent irradiance, watts/sq.m",2x,
1pe11.3) '

format (3x,i3,4x,"gl == altitude at ground level, m ", 2x,
1pe11.3)
format (3x,13,4x,"phi -- sr field of view, radians " 2x,
ipe11.3)
format (3x,i3,4x,"asr -= area of sr aperture, sq. meters ",2x,
1pe11.3)

format (3x,i3,4%,"mcomp ~-- compute 1-power 2-g/n ratio ",2x,

i3)

format (3x,1i3,4x,"mp -- source? lesum, 2-atm, 3-tr, 4-rcv",2x,

i3)

format (3x,13,4x,"irtype -- sr type (1-default, 2-user input)",1x,
i3)

format (3x,i3,4x,"xm -- modulation depth " 2x,

£7.3)

format (3x,1i3,4x,"ihet =~ detection type no2x,’
i3,/,21x,"1 = direct 2 - heterodyne'")

format (3x,i3,i4x,"em == mixing efficiency ", 2%,

1pe11.3)

format (3x,1i3,4x,"eta -= quantum efficiency of detector ",2x,

£7.3)

format (3x,1i3,4x,"g -- predetection gain ", 2x,

£7.3)

format (3x,1i3,4x,"f -- excess noise factor " 2%,

1pet1.3)

format (3x,i3,4x,"bwr =-- bandwidth of sr, hz " 2x,

1pet11.3)

format (3x,1i3,4x,"ptherm -- thermal noise eqv. power of sr, w",ix,
1pet1.3)

format (3x,i3,4x,"idark -~ dark current of sr " 2x,

1pe11.3)

format (3x,i3,4x,"bwopt -~ sr optical bandwidth, mierons ",2x,

1pe11.3)

format (3x,i3,4x,"nflg == 1=sunny 2-cloudy 3-nighttime ", 2x,

i3)

format (3x,i3,4x,"phiaz =-- sr field of view (azimuth), rad ",2x,
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ipe11.3)

format (3x,13,4x,"blt == hood length of transmitter, m ",2x,
£7.3)

format (3x,i3,i4x,"bdrt -- transmitter hood diameter, m no2x,
£7.3)

format (3x,i3,i4x,"blr -- hood length of receiver, m " 2x,
£7.3)

format (3x,i3,4x,"bdlr -- receiver hood diameter, m n,2x,
£7.3)

format (3x,i3,4x,"hs -= altitude of sr, meters " 2x,
1pel11.3)

format (3x,13,4x,"mode =-- select output mode (7 for info) ",2x,
i3)

format (3x,i3,4x,"gamint -~ angle of intercept plane, deg
1pe11.3,/,21x," 0 for horizontal plane")
format (3x,i3,4x,"rpx distance from xmtr to bisector, m",1x,

", 2%,

ipe11.3)

format (3x,i3,4x,"x == perpendicular dist to beam axis, m",
1pe11.3)

format (3x,i3,4x,"dcomp -- value of contour, dbw or db s/n ",2x,
1pe11.3)

format (3x,i3,4x,"theta -- angle link axis to sr axis, d ",2x,
1ipe11.3)

format (3x,i3,4x,"t -= bit interval, s",19x,1pe11.3)

format (3x,i3,4x,"npts =-= sample pts in signal waveform L

2x,1i3,/,22x,"(npts must be odd)")

format (/,20x,"Pr(e) analysis not valid for heterodyne revr")
format (/11x,"<== rpx =->",//,10x,"t) nomen,
Moo (r*,/,21x,"a",9x,*/",/,21x,"1",8x,"/",2x, "theta",/,21x,

T T,/ /21, M 6,0/, /2T, /", / ,21%, "X, Ux, "/, / ,25%, "/,
/. 21x,"Im 2x, v,/ 21, M 1x, /N, /, 21, MY, 0/ /,21%, "sr )/ /, 10X,
"rs = distance from sr to +",/,10x,"rv = distance from t to +",/)
format (10x,"mode 1 - fix x, rpx, and vary theta",/,19x,"to scan ",
"link with sr position fixed.",/,10x,™mode 2 - fix rs, rv, and ",
"vary theta",/,19x,"to observe same point in link from different ",
"angles.",/,10x,™mode 3 - fix x and vary theta and rpx",/,19x,

"to observe beam along a line parallel to the link axis.",/,10x,
"mode 4 - isophotes looking at the transmitter only."/,10x,

"mode 5 - isophotes summing total power from sweeping the entire %,
"link."/,10x,"mode 6 - probability of bit error fixing rpx, x ",
"and theta."/)

format(v)

end

subroutine setup

THIS ROUTINE CALLS THE SINGLE POINT ROUTINE
TO CALCULATE A SERIES OF POINTS GIVING A
PROFILE OF THE OFF-AXIS S/N IN SEVERAL
MANNERS DETERMINED BY THE MODE SELECTED.
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SCENARIO DIAGRAM
{== RPY =-=>
T) + (R
A /
! / THETA
! /
! /
/
X /
/
v/
1/
v/
SR)
RV - DIST. FROM XMTR TO BEAM(+)
RS - DIST. FROM SR TO BEAM(+)
RT - DIST. FROM XMTR TO SR
RL - DIST. FROM XMTR TO RCVR
HS - ALTITUDE OF SR
PHI - FOV (ELEV) OF SR IN RAD
THETA - ANGLE BETWEEN SR OPTICAL AXIS AND LINK BEAM SEGMENT
TO THE LINK RECEIVER
RPX - DIST. FROM XMTR TO INTERSECTION OF ORTHOGONAL RAY
FROM SR
X - DIST. ALONG ORTHOGONAL RAY TO BEAM
ANGTR - THETA TO XMTR

ANGREC - THETA TO RECEIVER
DP - LINK PATH ZENITH ANGLE
ANGTOT - TOTAL ANGLE SUBTENDED BY LINK AT SR

COMP - CONTRIBUTION FRCM LINK BEAM (POWER OR S/N)
™ - THETA IN DEGREES

NRET - SET TO 1 IF COMP=0 TO AVOID LOG(0)

DANG -~ INCREMENT OF THETA

ANGMAX - MAXIMUM THETA

GAMINT - ANGLE OF INTERCEPT PLANE

GAMP - ZENITH ANGLE FROM TR TO SR

COMPBY4 - LAST VALUL OF COMP

RSBY4 - LAST VALUE OF RS

DCOMP - DESIRED CONVERGENCE VALUE OF COMP

SLOPE - SLOPE BETWEEN LAST TWO POINTS .
RSNEW - ESTIMATED VALUE FOR RS

H - NO. OF ITERATIONS NEEDED TO CONVERGE (ARRAY)

XINT = X ARRAY FOR STORING OUTPUT

[ 20 o 2= T o T o TN & 2 o T o T & T o TN o JO o 0 o O~ T o T & T o Y v Yo O o O DO o DO o o DO B 0 T S o OO Y o T & DY o B o T o B o Y~ T DO o BN Y & B o T o T o I & T o T o Y & B ¢ ]

YINT Y ARRAY FOR STORING OUTPUT
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common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
irtype,ihet,ibflag,iw

common/ tdata / blt,dt,iht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr

common/ srdata / asr,hs,phi,phiaz,dphi

common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

# darki & ptherm replace pnep add g *#

common/ sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpnddb, sndb,xm,
bwopt ,nflg,g

common/ plte / xint(200),yint(200),h(200),dcomp(2),np,note
common/ parts / pa,prtr,prec,pat,prt,pre

* add labeled common wavefm #

common/ wavefm / npts,t,form0(1000),formi(1000),power0(1000),
power1(1000)

double precision re,reht,rehr,gamp,disc

data re/6.31131d6/

data onedeg,pi,r2d/.0174532925,3.141592654,57 .29577951/
data blank,star/" n, n&n/

BLANK OUT CONVERGENCE WARNING SYMBOL ARRAY

do 10 i=1,100

h(i)=blank

nret=0

np=0

rehr=re+hr

reht=re+ht

ANGTR « THETA TO TRANSMITTER

ANGREC - THETA TO RECEIVER

LINK PATH ZENITH ANGLE DP
dp=dacos{{rehr#22_reht ##2_p1##2) /(2 #reht#rl))
USE ATAN2 TO GET ANGLES IN THE RIGHT QUADRANT
angtrzatan2(x, rpx)

angreczatan2(x, (rpx-rl))

CHECK TO SEE IF BOTTOM OF BEAM HITS A CURVED EARTH

xi=dp+phit
disc=re#*#2-reht*sin(xi))##2

IF DISC IS NBEGATIVE NO REAL ROOT EXISTS
if (disc.le.0.) go to 20
CALCULATE RANGE TO GROUND, RG

rg=-reht#cos(xi)-dsqrt(disc)

if(rg.gt.0..and.rg.1lt.rl) write (6,210) rg
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] . ¢ ®* add mode 6 *

go to (30,50,80,130,130,125), mode

MODE=1 FIX X, RPX, AND VARY THETA TO SCAN LINK WITH A FIXED
SURVEILLANCE RECEIVER LOCATION

ANGTOT IS THE TOTAL ANGLE SUBTENDED BY THE LINK AT THE
SURVEILLANCE RECEIVER

angtot=angrec-angtr-phi

rt=sqrt(rpx®##2+x#£2)
gamp=acos((rpx*cos(dp)+x*sin(gamint)*sin(dp))/rt)
hs=dsqrt(reht ##2+rt ##2+2  #pt #reht #dcos(gamp) ) -re
dang=(angtot-20.%onedeg)/16.

if (dang.lt.onedeg) dang=onedeg

START FROM TRANSMITTER TOWARD RECEIVER

theta=angtr+phi/2.

do 40 i=1,50

call comtot (comp,nret)
td=theta#®*r2d

WRITE THE OUTPUT
if (nout.ge.1) write (nout,190) td,comp,prtr,prec,pa

STORE THE RESULTS
xint(i)=td
yint(i)=comp
delta=onedeg

PICK DELTA OF ONE DEGREE NEAR THE TRANSMITTER & RECEIVER
if (i.gt.9.and.i.1t.26) delta=dang

thetaz=theta+delta
if (theta.gt.(angrec-phi/2.)) go to 180

-eontinue

MODE=2 FIX RS, RV, VARY THETA TO OBSERVE ONE POINT ALONG TEE
LINK AXIS FROM DIFFERENT ASPECT ANGLES. NOTE THAT
THE SCATTERING VOLUME CHANGES WITH ANGLE,

theta=onedeg

STORE RPX AND X TEMPORARILY IN RPXt AND X1
rpxi=rpx

x1=x

TR PR A v e
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rss=x

c MAXIMUM THETA
angmax=pi-onedeg

¢ THETA INCREMENT
dang=(pi-phi~-22%onedeg)/16.

e START LOCKING TOWARD THE XMTR; LAST POINT HAS THE RCVR IN FOV. E

do 60 i=1,40 , i
> , ¢ COMPUTE SR POSITION COORDINATES X,RPX
B x=rs*sin(theta)

oo, rpx=rs*cos(theta)+rpx1

]

N c "
‘ rt=sqrt (rpx##z4x#¥42) ' L
angtr=atan2(x,rpx) ;
angrec=atan2(x, (rpx-rl))
gamp=acos{(rpx*cos(dp)+x#*sin(gamint)#*sin(dp))/rt)
hs=dsqrt(reht ¥#2.rt #8242 #rt *¥reht #dcos(gamp)) -re
call comtot (comp,nret)
c WRITE OUTPUT !
td=theta¥*ra2d
if (nout.ge.1) write (nout,190) td,comp,prtr,prec,pa

[N .XQ-

o DAy

c STORE THETA, COMP

: xint(i)=td
- yint(i)=comp
¢ THETA INCREMENT IS ONE DEGREE NEAR XMTR AND RCVR
delta=onedeg

SAME COMMENT APPLIES AS IN MODE 1

0

P R e o G ! it S

if (i.gt.9.and.1.1t.26) delta=zdang

. theta=theta+delta ]
i if (theta.gt.angmax) go to 70 ‘
60 continue

70 x=x1 '1

rpx=rpx1 i

go to 180 ‘

MODE=3 FIX X, VARY THETA AND RPX TO OBSERVE BEAM FROM DIFFERENT ﬁ
POINTS ALONG A LINE PARALLEL TO THE LINK OPTICAL AXIS. i
NOTE THAT AS THETA IS NEAR ZERO OR PI, THE RANGE TO
THE SR BECOMES VERY LARGE.

OOODOODOOO

o

theta=onedeg+phi/2.
rpx1=rpx

COMPUTE INCREMENT OF THETA
dang=(pi-phi-22%onedeg)/16.

[¢]
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ALWAYS LOOK AT PORTION OF BEAM AT RPX1 METERS AWAY FROM XMTR

do 110 i=1,40

AVOID DIVIDE CHECE IN COMPUTING RPX

if (abs(theta-pi/2.).lt.onedeg) go to 90
rpx=x/tan(theta)+rpx1

go to 100

rpx=rpx1

rs=sqrt(rpx1##2,.x#82)

rt=sqrt(rpx#E2+x##2)

angtr=atan2(x,rpx)

angrec=atan2(x, (rpx-rl))

gamp=acos( (rpx*cos(dp)+x*sin{gamint)#sin(dp))/rt)
hs=dsqrt(reht ##2+rt #%#242 . #rt #dcos(gamp) ) -re

call comtot (comp,nret)

WRITE OUTPUT
td=theta¥*r24d
if (nout.ge.1) write (nout,190) td,comp,prtr,prec,pa

STORE THETA, SNDB

xint(i)=td

yint(i)=comp

INCREMENT BY ONE DEGREE
delta=onedeg

if (i.gt.9.and.i.1t.26) delta=dang
theta=theta+delta

if (theta.gt.3.1241) go to 120
continue

rpx=rpxi

go to 180

#* add mode 6 *®

20000

MODE=6 PRCBABILITY OF BIT ERROR

rt=sqrt(rpx##2.x#42)

angtrzatan2(x,rpx)

angrec=atan2(x, (rpx-rl))
gamp=acos((rpx®cos(dp)+x®#sin(gamint)*sin(dp))/rt)
hszdsqrt(reht ##2+rt #8242, #rt #dcos(gamp) ) -re
write (nout,230) rpx,x,theta

CALCULATE SIGNAL POWER

call comtot(comp,nret)

do 126 i=1,npts

powerO(i)=ps#form0(i)

power1(i)=ps#form1(1i)

~
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continue

call back

call apertr

call error(nflag,boundi,bound2,bound3,boundd)

if (nflag.eq.3) write (6,240)

if (nflag.eq.l1.or.anflag.eq.3) write (nout,250) bound1,bound2
if (nflag.eq.2.or.nflag.eq.3) write (nout,260) bound3,boundl
go to 180

#2% TTERATIVE ALGORITHM TO FIND CONTOURS ###

THIS IS BASICALLY A NEWTON-RAPHSON SECANT METHOD MODIFIED TO
ALLOW FOR AN EXTREMELY SENSITIVE FUNCTION. IT ONLY ALLOWS
CONVERGENCE FOR ROOTS WHERE THE SLOPE IS NEGATIVE

(SEE DOCUMENTATION)

MODE=4  ISOPHOTES LOOKING AT THE TRANSMITTER

MODE=5  TOTAL POWER AVAILABLE AT SR LOCATION
dang=2%cnedeg

tdang=2.96 *onedeg

angtr==onedeg

kk=0

do 170 i=1,124

nret=0
angtr=angtr+dang

COMPUTE THETA INCREMENT TO SPACE DATA POINTS APPROPRIATELY IN X,
RPX COORDINATES

dang=.03158826 #(angtr)*®,71533599

if (angtr.gt.1.56) dang=z=tdang

MAKE A CALCULATED FIRST GUESS AT THE RIGHT RS
NOTE HERE RS=RT SINCE WE ARE LOCKING AT THE TRANSMITTER

rs=rl%#(,2+cos(angtr/2.))

COMPUTE SR LOCATION COORDINATES X,RPX
xzrst*sin(angtr)

rpxzrsfcos(angtr)

angreczatan2(x, (rpx-rl))
gamp=dp-acos(sqrt(rpx*#2+(x¥*sin(gamint))##2)/rs)
hszdsqrt(reht ##24rs##2,.2 #psfreht #dcos(gamp))-re

COMPUTE INITIAL VALUE FOR ITERATION
theta=zangtr+phi/2.
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if (mode.eq.d4) call comtot (compbd,nret)
if (mode.eq.5) call modeS (compbd,nret)

IF POWER IS ZERO, SKIP TO NEXT ANGLE

if (nret.eq.1) go to 135
rsblzrs
rs=rsbid#*1.,10

ALLOW NLOOP TRIES FOR CONVERGENCE

nloop=20

do 140 ii=1,nloop

x=rs®*sin(angtr)

rpx=rs®*cos(angtr)

angrec=atan2(x, (rpx-rl))
gamp=acos((rpx*cos(dp)+x®*sin(gamint)*sin(dp))/rs)
hs=dsqrt(reht ##24ps##2+2 , #rs¥reht #dcos(gamp)) -re
theta=zangtr+phi/2.

if (mode.eq.l4) call comtot (comp,nret)

if (mode.eq.5) call mode5 (comp,nret)

IF POWER IS ZERO, SKIP TO NEXT ANGLE
if (nret.eq.1) go to 135

CONVERGENCE TEST

if (abs(comp~-dcomp(meomp)).1lt..2) go to 150
slope=(rs-rsbi)/(comp-compbl)
rsnewz(rs-(conp-dcomp(mcomp) ) #s1ope)

SET TO ONE HALF PREVIOUS GUESS IF THE GUESS IS NBEGATIVE
if (rsnew.le.0.) rsnewzrs/2.

rsblzrs

rs=rsnew

compbld=comp

continue

DID NOT CONVERGE IN NLOOP TRIES

SET FLAG FOR CONVERGENCE WARNING
note=note+1

go to 160

CHECK FOR SLOPE AT ROOT

if (slope.gt.0.) go to 135
xint(1i)=rpx

yint(i)=x

h(i)=1i

if (nout.ge.1.and.mode.eq.4) write (nout,200) x,rpx,h(i),prtr,prec

ypa
if (nout.ge.1.and.mode.eq.5) write (nout,200) x,rpx,h(i),prt,pre,p
at

if(hs.1t.0) kk=1
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continue
if{kk.eq.1) write (6,220)

np=1
return

format (2x,2(3x,1pe11.4),7x,4(3x,1pe11.4))

format (2x,2(3x,1petl.4),2x,0pf3.0,2x,4(3x,1pell1.l4))

format (5x,"link beam hit ground at a range of ",1pe11.3,"meters")
format (2x,"warning -- part of the contour is below sea level ",
"altitude.",/,13x,"keep this in mind when you interpret the ",
"output.")

format (/,6x,"SR location:",/,6x,"rpx =",1pe10.1," x =",1pe10.3,
" theta =",1pe10.3,/)

format (6x,"receiver noise is a combination of shot and thermal ",
"or excess noise - ",/,6x,"bounds are not absolute",/)

format (6x,"shot noise limited performance - n 1pe8.2,

" £ Pr(e) < ",1peB.2)

format (6x,"thermal noise limited performance - ",1pe8.2,

" < Pr(e) < ",1pe8.2)

end

subroutine mode5 (comp,nret)

INTEGRATES TO FIND TOTAL POWER AVAILABLE FROM LINK AT A POINT
DEFINED BY X,RPX

ANGTOT - TOTAL ANGLE SUBTENDED BY LINK
NTHETA - NUMBER OF STEPS OF INTEGRATION
DTHETA - INCREMENT OF THETA

ANGTR - THETA TO XMTR

COMP - POWER OR S/N CONTRIBUTION FROM LINK
SUM ~ SUM OF COMP CONTRIBUTIONS FROM EACH THETA
NRET -~ FLAG TO INDICATE THAT COMP=0

common / ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
common / srdata / asr,hs,phi,phiaz,dphi
common/parts/pa,prtr,prec,pat,prt,pre

COMPUTE TOTAL ANGLE SUBTENDED AT SR
angtot=angrec-angtr

COMPUTE NUMBER OF STEPS USED IN INTEGRATION
nthetazamax1( (angtot/3.4+1.),2.)
ntheta=ntheta®*2+1

dtheta=angtot/ntheta

USE SIMPSON*S RULE FOR INTEGRATION
NTHETA MUST BE ODD

VISP
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Sum=0 '3

theta=angtr

COMPUTE BEAM POWER ONLY; ADD XMTR AND RCVR LATER
mp=2

do 10 n=a1,ntheta

ST e e e 2

COMPUTE POWER

call comtot (comp,nret)
NORMALIZE CONTRIBUTION TO 1/RAD
comp=pa/phi

coef=2#(2-mod(n,2))

if (n.eq.1.or.n.eq.ntheta) coef=1.
sum=comp¥coef+sum
theta=theta+dtheta

continue

sum=dtheta/3.%#sum

pat=sum

FINAL INTEGRAL VALUE IS RETURNED AS COMP TO FIND ISO-CONTOUR
USING MODE 4 ITERATION ALGORITHM

TRANSMITTER CONTRIBUTION

’1
theta=angtr

call comtot (comp,nret)
sup=sum+prtr

prt=prtr

RECEIVER CONTRIBUTION

mp=U

theta=angrec

call comtot (comp,nret)
sum= sum+prec

pre=prec

mp=1

if (sum.eq.0) go to 20
nret=0 -

CONVERT TO DB

comp=10%*alog10(sum)
go to 30

NRET IS FLAG FOR NO POWER
nret=1
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comp=-200.
return
end

subroutine comtot (comp,nret)

COMTOT COMPUTES THE POWER FROM THE LINK BY CALLING THE
ROUTINES WHICH COMPUTE THE POWER FROM ATMOSPHERIC
SCATTERING, THE RECEIVER, AND THE TRANSMITTER. IT RETURNS
VARIABLE COMP WHICH IS EITHER POWER (DBW) OR S/N (DB), AS
SELECTED. IF COMP IS ZERO, NRET IS RETURNED WITH A VALUE
OF 1.

.THTMAX - MAXIMJM THETA FOR FIELD OF VIEW (FOV)
THTMIN -~ MINIMJM THETA FOR FIELD OF VIEW (FOV)

PR - SUM OF POWER FROM DESIRED SOURCES

PA - POWER CONTRIBUTION FRCM ATMOSPHERE
PRTR - POWER CONTRIBUTION FRCM TRANSMITTER
PREC - POWER CONTRIBUTION FROM RECEIVER

PS - SIGNAL POWER USED FOR S/N CALCULATION

common/ flags / mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
irtype,ihet,ibflag, iw

common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
common/ srdata / asr,hs,phi,phiaz,dphi
common/parts/pa,prtr,prec,pat,prt,pre

* darki & ptherm replace pnep add g *#

common/ sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sndb,xm,
bwopt ,nflg,g

data epsi/1.e=4/

phio2=phi/2.

thtmax=theta+phio2+epsi
thtmin=theta-phio2-epsi
pr=0.

pa=0.

prtr=0.

prec=0.

MP -- COMPUTE FLAG USED TO DETERMINE WHICH SOURCES TO INCLUDE
1 == SUM OF ALL SURCES

2 ~- ATMOSPHERIC CONTRIBUTION ONLY

3 ~= TRANSMITTER CONTRIBUTION ONLY

4 -~ RECEIVER CONTRIBUTION ONLY

if (mp.gt.2) go to 10

call beam (pa)

pr=pa+pr

if (mp.eq.2.or.mp.eq.4) go to 20

o -
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CHECK TO SEE IF TRANSMITTER IS IN FOV, IF SO, CALL TSCAT

if (angtr.ge.thtmin.and.angtr.le.thtmax) call tscat (prtr)
pr=pr+prtr
if (mp.eq.2.or.mp.eq.3) go to 30

CHECK TO SEE IF RECEIVER IS IN FOV, IF SO, CALL RSCAT
if (thtmax.ge.angrec.and.thtmin.le.angrec) call rscat (prec)

pr=pr+prec
if (pr.le.0) go to 40
comp=10.%*alog10(pr)

if (mcomp.eq.1) go to 50
COMPUTE S/N IF DESIRED

ps=pr

call ston

comp=sndb

go to 50

POWER WAS ZERO; SET FLAG AND RETURN
nrets1

comp==200.

return

end

subroutine stog (comp,ptstog,prstog,pastog;nret)

COMPUTES POWER FOR THE CASE OF A VERTICAL SPACE-TO-GROUND LINK.
#%% SEE DOCUMENTATION FOR LIMITATIONS ###

WARNING: THE EFFORT EXPENDED ON THIS PORTION OF THE PROGRAM WAS
MINIMAL COMPARED TO THE NARROWBEAM PORTIONS, SO THAT

THE RESULTS OF SPACE TO GROUND CASES SHOULD BE

CAREFULLY SCRUTINIZED.

VARIABLES (UNITS ARE MKS SYSTEM)

NVEL - NO. OF VERT ELEMENTS IN BEAM

AVEL - AREA OF A VERT., ELEMENT

SVEL =~ WIDTH OF A VERT. ELEMENT

NDOWN -~ NO. OF VERT. ELEMENTS IN X-DIR,

NCROS - NO. OF VERT . ELEMENTS FROM CENTER IN Y-DIR.
X8 = X COORDINATE IN LINK BEAM CENTERED COORDINATES
1B - Y CORRDINATE IN LINK BEAM CENTERED COORDINATES

ks
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RVEL - DIST. OF VERT. ELEMENT FROM CENTER OF BEAM
RB - RADIUS OF LINK BEAM TO 1/E##2 POINT
XTEMP - PERP. DISTANCE FROM SR TO CENTER OF BEAM
X - DIST. FROM SR TO VERTICAL ELEMENT

RPX - DIST. FROM BISECTOR OF BEAM TO XMTR
PHIAZ - FOV(AZIMUTH)

RL - LINK RANGE

HS - ALTITUDE OF SR

HR - ALTITUDE OF RCVR

HEFF - EFFECTIVE ALTITUDE OF XMTR

PT - EFFECTIVE POWER OF SOURCE

GRNDI - FACTOR FOR DETERMING EFFECTIVE POWER (W/M#®2)
WEIGHT - WEIGHTING FACTOR FOR POSITON IN' BEAM (FUNCTION)

ANGTR - ANGLE TO XMTR

ANGREC - ANGLE TO RCVR

NUMTOT - TOTAL NUMBER OF INCREMENTAL VOLUMES

KOUNT - NO. OF VERT. ELEMENTS IN INTERCEPTED VOLUME

XCLOS - DISTANCE TO CLOSEST INTERCEPTED VERT. ELEMENT

HCLOS - ALTITUDE OF TOP OF CLOSEST INTERCEPTED ELEMENT
HCLSDF - SUBTENDED LENGTH OF CLOSEST VERT ELEMENT

XDIS - DISTANCE TO MOST DISTANT INTERCEPTED VERT. ELEMENT
HDIS - ALTITUDE OF TOP OF MOST DISTANT INTERCEPTED ELEMENT
HDISDF - SUBTENDED LENGTH OF MOST DISTANT VERT. ELEMENT

FACTOR - SYMMETRY FACTOR
SUMP - RUNNING SUM OF POWER CONTRIBUTIONS
COMP - POWER CONTRIBUTION

common/ flags / mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
irtype,ihet,ibflag, iw

common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt

common/ rdata / blr,dr,hr,gl,bdlr

common/ srdata / asr,hs,phi,phiaz,dphi

common/ ldata / rl,alanm,rpx,theta,x,angtr,angrec,gamint,bw
common/ stgout / nvel,svel,avel,ndown,ncros,numtot,hvnear,hvfar,
xdis, hdis, hdisdf,xclos,helos,helsdf,kount

data epsi/1.e=4/

RB IS 1/E®%#2 POINT OF BEAM. WEIGHT{A) IS THE POWER DISTRIBUTION
OFF THE AXIS OF THE BEAM. A GAUSSIAN PROFILE IS ASSUMED.

weight(a)=exp(=-2.%(a/rb)##2)

STORE X
kount=0
xtemp=x
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hstemp=hs

httemp=ht

ptemp=pt

thtemp=theta

CHECK TO SEE IF THETA<CPHI/?2

if (theta.lt.phi/2.) theta=phi/2. + epsi
COMPUTE GRNDI AND RB IF IBFLAG=1

if (ibflag.eq.2) go to 10

call stbeam (rbeam,grndir)

rb=rbean

grndi=grndir

COMPUTE TANGENT OF AZ FOV HALF-ANGLE-TP2
tp2=tan(phiaz/2.)

NUMBER OF VERTICAL ELEMENTS IN LINK BEAM
nvel=100

AREA OF VERTICAL ELEMENT

avelzY ., #rb¥xtemp®*tp2/nvel

WIDTH OF VERTICAL ELEMENT
svelzsqrt(avel)

NUMBER OF VERTICAL ELEMENTS ACROSS BEAM
ndown=2.#%#rb/svel+1

NUMBER FRCM CENTER IN YB DIRECTION

neros=(xtemp+rb)¥tp2/svel+1

INITIALIZE INTEGRAL
sump=0.

SET SYMMETRY FACTOR FOR CENTER ROW OF VERTICAL ELEMENTS

factor=1.
LOOP TO COMPUTE FOR EACH VERTICAL ELEMENT

do 50 ny=1,ncros
do 30 nx=1,ndown

60
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POSITION IN LINK BEAM CENTER COORDINATES
xb=(nx-ndown/2) ¥svel

yb=(ny-1)#svel

rvel=sqrt(xb*#24yb##2)

TEST IF THE ELEMENT IS INSIDE THE 1/E#%2 PTS.
if (rvel.gt.rb) go to 30

COMPUTE SR FOV BOUNDS FOR TEST
x=sqrt((xtemp-xb) ##24+yb#%2)

testp=atan(yb/x)*2,
if (testp.gt.phiaz) go to 40

" VERTICAL ELEMENT IS IN FOV, SO COMPUTE POWER

heff=hs+x/tan(theta-phi/2.)
rl=heff-hr
call trans (hr,heff,rl,tb)

CALCULATE POWER OF EFFECTIVE SOURCE

ptzgrndi*weight(rvel)*avel/td
ht=heff
rpx=heff-hs

CALCULATE ANGTR AND ANGREC FOR BEAM, ANGTR IS ANGLE TO
EFFECTIVE SOURCE

angtr=theta-phi/2.
angrec=3.14159-atan(x/hs)

CALL BEAM FOR POWER CONTRIBUTION OF VERTICAL ELEMENT

call beam (comp)
sump=sump+comp®factor
kount=kount+factor

COMPUTE TOTAL NUMBER OF INCREMENTAL VOLUMES
numtot=kount#*phi/dphi

CALCULATE PARAMETERS TO MOST DISTANT ELEMENT
if (nx.ne.l.or.ny.ne.1) go to 20
xdis=x/sin(theta)
hdis=heff
hdisdf=hvnear-hvfar

Y gy
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CALCULATE PARAMETERS TO CLOSEST ELEMENT
if (nx.ne.(ndown=2).or.ny.ne.1) go to 30
xcloszx/sin(theta)

heloszheff

helsdf=hvnear-hvfar

continue
SET SYMMETRY FACTOR FOR ROWS OFF SR OPTICAL AXIS

factor=2.
continue
pastog=sump

x=xtemp
rl=rltemp
hs=hstemp
ht=httemp
pt=ptemp
theta=thtemp

TRANSMITTER CONTRIBUTION
INITIALIZE PARAMETERS FOR CALL TO TSCAT

ptstog=0.
angtr=atan2(x,rl=-hs)

CALL TSCAT IF TRANSMITTER IS IN FOV

if (thgta.ge.angtr-phi/a.and.theta.le.angtr+phi/2.)
call tscat (ptstog)

RECEIVER CONTRIBUTION

INITIALIZE PARAMETERS FOR CALL TO RSCAT

prstog=0.

if (gl.eq.hs) go to 60 .
angrec=atan2(x,gl=hs) L
go to 70 -
angrec=1.570796
CALL RSCAT IF RECEIVER IS IN FOV

if (theta.ge.angrec-phi/2.and.theta.le.angtr+phi/2.)
call rscat (prstog)

SUM FOR TOTAL POWER

comp=prstog+ptstog+pastog

62
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return
end

subroutine stbeam (rbeam,grndir)

c

e THIS SUBROUTINE CALCULATES THE RADIUS OF THE BEAM
c AT THE GROUND AND THE PEAK INTENSITY.
e

{ ) ) common/tdata/blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
~_ . common/ldata/rl,alam,rpx, theta,x, angtr,angrec,gamint,bw
i common/rdata/blr,dr,hr,gl,bdlr
L data onedeg,pi,r2d/.0174532925,3.141592654,57 .29577951/
c CALCULATE TURBULENCE OF ATMOSPHERE

call sigmat (ht,hr,rl,alam,gl,sigt)
N e CALCULATE RADIUS OF BEAM

2 r2zy4, #p] #42%( (phit/2.) #82+sigj*¥2+sigt ##2)
rbeam=sqrt(r2)

call trans (gl,100000.,100000.-gl,tstog)

c CALCULATE EQUIVALENT IRRADIANCE

0

grodir=.865%pt #tstog, ( .4325%pi¥r2)

return

end ,

subroutine sigmat (ht,hr,rl,alam,gl,sigt)

external cnsq
common/flags/mode,mcomp, mp, lam,modesw,lunit ,nout,istog,iotype,
irtype,ihet,ibflag, iw

data hatm/100000./

R

THIS ROUTINE COMPUTES THE HALF ANGLE BEAMSPREAD(SIGT)

DUE TO TURBULENCE. IW IS A TURBULENCE PARAMETERUSED AS FOLLOWS:
1 -~ SEVERE TURBULENCE .

2 =-- NOMINAL TURBULENCE

MILD TURBULENCE

= m i e

FOR REFERENCE SEE *A SIMPLIFIED PROPAGATION MODEL FOR LASER
SYSTEM STUDIES*. AFWL-TR-72-9S(REV), APRIL 1973

D000 OOOO00OO0
w
!
]

USE NSTEP NUMBER OF STEPS TO INTEGRATE ALONG PATH LENGTH
nstep=50

sig=0.

deltaz=(hatm-gl)/nstep
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MODIFIED FOR VERTICAL USE

sinphi=-1.
do 10 j=1,nstep
aj=j

WEIGHT CLOSEST PORTIONS TO APERTURE HIGHEST

rnaj=1.-aj%*deltaz/rl

z=deltaz¥*j+(rl-hatm)

z1=deltaz®*( j=1)+(rl-hatm)

HL AND HU ARE THE HEIGHT ABOVE TERRAIN AT THE BEGINNING AND
END OF EACH INCREMENT ALONG THE PROPAGATION PATH,
hl=z#*sinphi+ht

hu=z1#*sinphi+ht

call qg10 (hl-gl,hu-gl,cnsq,deltaz,y)

sig=rna j**1.,666%y+sig

continue

sigt=(((2.06/alam)*#,333) *sig) #* 6

return

end

subroutine qg10 (bl,bu,fct,deltaz,y)
SUBROUTINE QG10 COMPUTES INTEGRALS OF THE FORM
(FCT(X), SUMMED OVER X FRQM BL TO BU) *

USAGE

CALL QG10(BL,BU,FCT,DELTAZ,Y)
PARAMETER FCT REQUIRES AN EXTERNAL STATEMENT

DESCRIPTION OF PARAMETERS

BL - THE LOWER BOUND OF THE INTERVAL

BU - THE UPPER BOUND OF THE INTERVAL

FCT - THE NAME OF AN EXTERNAL FUNCTION SUBPROGRAM USED
Y - THE RESULTING INTEGRAL VALUE

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
THE EXTERNAL FUNCTION SUBPROGRAM FCT(X) MUST BE FURNISHED

-

BY THE USER. '3

METHOD

THE EVALUATION IS DONE BY 10-POINT GAUSS QUADRATURE
FORMULA WHICH INTEGRATES POLYNOMIALS UP TO DEGREE 19
EXACTLY

FOR REFERENCE SEE
V.1.KRYLOV,APPROXIMATE CALCULATION OF INTEGRALS
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if ((bu.eq.bl)) go to 10
go to 20

y=Ffet(bl)*deltaz

return

a=.5%(bu+bl)
b=bu=bl

=.4869533%b
¥=.03333567*(fct (a+c)+fet(a=-c))
©¢=.4325317%
y=y+.0TU47256 T#(fet(a+c)+fet(a~-c))
e=.3397048%Dp
y=y+.1005432%( fet (a+rc)+fet(a=-c))
e=.216697T%*b
y=y+.1346334%(fot(a+c)+fet(a=c))
¢=.0T443T17%*p
y=deltaz®*(y+.1477621%(fct (a+c)+fet(a=c)))
return
end

function cnsq (h)
ATMOSPHERIC STRUCTURE CONSTANT IN M*%(2/3)

common/flags/mode, mcomp, mp, lam,modesw, lunit,nout,istog, iotype,
irtype,ihet,ibflag, iw

if (h.gt.1.0) go to 40
SET CNSQ FOR HEIGHT ABOVE TERRAIN LESS THAN ONE METER

go to (10,20,30), iw
BAD WEATHER CONDITIONS
ensq=2.85e-13

return

NOMINAL WEATHER CONDITIONS
cnsg=1.e-13
return

GOOD WEATHER CONDITIONS

cnsq=8.5e=15
return

SET CNSQ FOR ALTITUDES LESS THAN ONE METER
go to (50,90,100), iw
BAD WEATHER CONDITIONS

if (h.gt.100.0) go to 70
if (h.gt.10.0) go to 60
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1 . cnsq=2.9e-13*h##(~.6993) .
i return :

. e !

60 ensq=9.496e=-13%¥n##(=1,214) :

return !

70 if (h.gt.1.0e04) go to 80
cnsq=2.56e-12*h##(-1.4386)

e return
k. c
Sy 80 if (h.gt.1.5e4) go to 90

5 cnsg=2.0e-16

i K . return
..‘ c
’ ¢ NOMINAL WEATHER CONDITIONS
: 90 cnsq=2.0e-16 !
< if (h.le.11600..0or.h.ge.12400.) cnsq=1e-13%h#*%(-1,07535) '
< return :
i [
; ¢ GOOD WEATHER CONDITIONS
2

100 if (h.gt.2.5e3) go to 120
if (h.gt.20.0) go to 110
cnsq=8.586e-15%n#*# (0. 4444)
return

P S

110 cnsq=1.51e=13%h##(-1,396)
return

120 if (h.gt.1.5e4) go to 90
‘ cnsg=3.0e-18
; return
v end

subroutine beam (pa)

[«
¢ BEAM COMPUTES THE POWER FROM THE LINK BEAM DUE TO ATMOSPHERIC
e SCATTERING

e .

e & AL " LINK RANGE ‘
¢ RS RANGE FROM SCATTERING VOLUME TO S 3
¢ RV RANGE FROM XMTR TO SCATTERING VOLUME j
c ;
¢ HT XMTR HEIGHT ¢
¢ HR RCVR HEIGHT "
c HS SURVEILLANGE RCVR HEIGHT b
e HV SCATTERING VOLUME HEIGHT i
e i
¢ THETA SCATTERING ANGLE (OFF-AXIS ANGLE) g
¢ PHI TOTAL FOV !
c DPHI INCREMENTAL FOV 3

N 3
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NRET FLAG TO INDICATE THAT COMP=0

0

common/flags/mode,mcomp, mp, lam,modesw, lunit ,nout,istog, iotype,
& irtype,ihet,ibflag, iw
common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
3 common/ rdata / blr,dr,hr,gl,bdlr
‘ common/ srdata / asr,hs,phi,phiaz,dphi
common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

Cd

- s ¢ * darki & ptherm replace pnep add g *
e . common/ sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sndb,xm,
xS & bwopt ,nflg,g
. ® common/ stgout / nvel,svel,avel,ndown,ncros,numtot,hvnear,
& hvfar,xdis,hdis, hdisdf,xclos,heclos,helsdf,kount

double precision re,reht,rehr

data re/6.31131d6/
data epsi/1.e-6/

pa=0.
phio2=phi/2.
reht=re+ht
rehr=re+hr

¢ CALCULATE RVNEAR,RVFAR 3

rvnear=rpx-x/tan(theta=-phio2) o
rvfar=rpx-x/tan(theta+phio2) .

c RSNEAR,RSFAR ARE RANGES TO RVNEAR,RVFAR FROM SR

rsneaé:x/sin(theta-phioz)
rsfar=x/sin(theta+phio2)

0

CALCULATE ALTITUDES, HVNEAR, HVFAR

(e}

hvnear=dsqrt(reht #*2+(dble(rvnear)) **#2+dble(rvnear)*(rehr#*#2-reht#®

& #2_(dble(rl))##2)/dble(rl))-re
hvfar-dsqrt(reht'*2+(dble(rvfar))**2+dble(rvfar)*(rehr'*a-reht*'z-

& (dble(rl))##2)/dble(rl))=re .

e

c CALCULATE T1,T2 TO SEE IF PATH DIFFERENCE IN TRANSMITTANCE IS

¢ IMPORTANT ]

o] k

call trans (ht,hvnear,rvnear,tin)
call trans (hvnear,hs,rsnear,t2n) -
call trans (ht,hvfar,rvfar,tif)
call trans (hvfar,hs,rsfar,t2f)

0

COMPARE TRANSMITTANCE VARIATION DUE TO SCATTERING VOLUME PATH
c DIFFERENCE : TN= NEAR PATH TRANSMITTANCE
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TF= FAR PATH TRANSMITTANCE

tn=tin#*t2n

tf=t1£%¢c2f

tp=(tn+tf)/2.

hv=(hvnear+hvfar)/2.
tps=tp®*alfasc(hv)

itflag=1

CHECK FOR TRANSMITTANCE DIFFERENCE
if (abs(1.-tn/tp).1t..025) itflag=0

ITFLAG=0 MEANS TRANSMITTANCE NEED NOT BE COMPUTED FOR EVERY DPHI
COMPUTE DPHI TO ACHIEVE DESIRED ACCURACY OUT OF FTHETA

call delphi (theta,phi,dphi)

NDPHI = NUMBER OF ELEMENTAL FOV. ROUND DOWN

ndphi=phi/dphi
dphi=phi/ndphi

LOOP TO COMPUTE ELEMENTAL CONTRIBUTIONS FRCM DPHI ELEMENTS

do 20 i=1,ndphi
thetalsztheta-phio2+dphi#*(i-.5)

CHECK TO SEE IF PAST LINK RECEIVER

if (thetatl.gt.angrec) go to 30
rs1=x/sin(thetal)

if (itflag.eq.0) go to 10

COMPUTE TRANSMITTANCE IF REQUIRED FOR EACH DPHI

COMPUTE RANGE TO ELEMENTAL VOLUME

rvizrpx-x/tan(thetal)

COMPUTE ALTITUDE OF ELEMENTAL VOLUME

hvi=dsqrt(reht #22+(dble(rv1) )##24dble(rvi) #(rehr##2-reht #%2-
(dble(rl))##2)/dble(rl))-re .

call trans (ht,hvi,rvi,t1)

call trans (hvi,hs,rs1,t2)

tps=t1#t2#3) fasc(hv1)

continue

COMPUTE THE SUM FOR POWER CALCULATION

fth=fth- ta(thetal)
paztps#fth/sin(thetal)/rsi+pa

O P,
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continue

COMPUTE POWER AT SR FROM BEAM SCATTER
pa=pa¥pt *asr#*dphi

return

end

subroutine trans (h1,h2,r,t)

THIS ROUTINE CALCULATES THE TRANSMITTANCE DUE TO ATMOSPHERIC

EFFECTS BY INTEGRATING ALONG THE BEAMPATH

R RANGE

H1 ALTITUDE OF ONE ENDPOINT OF BEAM PATH
H2 ALTITUDE OF OPPOSITE ENDPOINT

T TRANSMITTANCE

NSTEP NUMBER OF INTEGRATION STEPS

RE EARTH RADIUS, M

ALFAEX(H) EXTERNAL FUNCTION WHICH RETURNS EXTINCTION
COEFFICIENT FOR ALTITUDE H.

common/atmos/ alfa(5,2),alfsct,alfab,ia,ab(33),as(33),at(33,14,6)
,mat,mvis

double precision reh2s,rehit,reh1s,re,dcosp,zd2

data re/6.3113146/

COMPUTE NUMBER OF STEPS ALONG PATH

nstep=1+r/500.
nstep=max0(nstep,60)

COMPUTE COSINE OF ZENITH ANGLE

if (r.1t.200..0r.ia.eq.1) go to 20
reh1z=re+hl

reh2s=(re+h2) ##2

rehiszreh1##2

deosp=(reh2s-rehi1s-(dble(r))##2)/(2%reh1¥%dble(r)) {
SET UP FOR INTEGRATION LOOP ;
STEPSIZE ALONG PATH IS DZ

dz=r/nstep

HU,HL ARE UPPER AND LOWER INTEGRATION BOUNDS

hu=h1

[ I‘..
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alfl=0.

INTEGRATE BY SUMMING
do 10 k=1,nstep
z=dz®k
zd2=dble(z%*2)

Xttt mi A A

hlizhu
hu=dsqrt(reh1s+zd2+2%z#%reh1#*dcosp)-~re

AN ani i ot sk,

AVERAGE EXTINCTION
alf=.5%(alfaex(hl)+alfaex(hu))
ALFL IS INTEGRATION RESULT - EXTINCTION * RANGE ?

alfl=alfl+alf®dz 3
continue :

COMPUTE TRANSMITTANCE

t=exp(-alfl) ' b
return ‘

RANGE IS LESS THAN 200 METERS OR CO-ALTITUDE CASE i
t=exp(=-alfaex(hl)*®r) 5
return 1
end 3

function ftheta(theta)
THIS ROUTINE CALCULATES THE SCATTERING COEFFICIENT AS A FUNCTION
OF THETA.

common/ ldata / rl,alam,rpx,dummy,x,angtr,angrec,gamint,bw

dimension fact(2),slope(2),thtmn(2),amp1(2),tcon1(2),amp2(2),
tecon2(2),shft(2)

data fact,slope,thtmn,shft/.0008,.0012,1.4,1.0,2.1,2.4,3.6,3.25/
data ampt,amp2,tconi,tcon2/3.5,2.5,.1,.01,=6.,=7.5,=4.5,=4./

1=2

if (alam.le.5.e=6) 1l=1

SOLVE FOR FTHETA
ftheta=fact(1)#10,.%#%(sqrt(slope(l)*(theta-thtmn(1l))*##241,) )sampi(l
Y*exp(tecon1(l)*theta)-amp2(1l)*exp(tcon2(1l)*#(shft(l)~theta))

return
end
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subroutine delphi (theta,phi,dphi)
THIS ROUTINE CALCULATES THE DPHI REQUIRED TO MINIMIZE THE
ERROR IN CALCULATING FTHETA.

data onedeg/.017/
STATEMENT FUNCTION TO COMPUTE DPHI

dphix(ac,thet)=abs(ac#sqrt(2.%(thet=-2.)%#22+1,)/(.08%10.%#%(sqrt(2.%
(thet=2.)%#2+1,) )#(thet-2.)))

GIVE ACCURACY VALUE
ace=.01

CALCULATE THE ELEMENTAL FOV AT THE EDGES OF THE WHOLE FOV
thtner=theta-phi/2.

thtfar=theta+phi/2.

dphil=dphix(ace, thtner)

dphi2=dphix(ace, thtfar)

FIND OUT WHICH ANGLE IS. SMALLER AND SET EQUAL TO DPHI
dphizamini(dphil,dphi2,phi,onedeg)

return

end

function alfaex(h)
alfaex=alfaab(h)+alfasc(h)
return

end

function alfaab(h)

THIS ROUTINE COMPUTES THE ATMOSPHERIC ABSORPTION COEFFICIENT
common/atmos/alfa(5,2),alfset,alfab,ia,ab(33),as(33),at(33,14,6)
,mat,mvis

common/err/ier,ierab, iersc,ierbr,devab,devsc,devbr

CHECK TO SEE IF USER HAS SPECIFIED THE AFGL MODEL

if (ia.eq.2) go to 10

alfaab=alfab¥*(1.+devab)#®*®ieradb
go to 80

if (h.gt.25000.) go to 20

i=h/1000.+2.
go to 60

if (h.gt.50000.) go to 30
i=h/5000+22.

naliosicsitakadilitiiiin s
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go to 60
e
30 if (h.gt.70000.) go to 40
i=32
go to 60
¢
40 if (h.gt.100000.) go to 50
. i=33
- go to 60
e
~_. 50 alfaab=0.
- go to 80
; c
K 60 if (i.gt.0) go to 70
L c USE COEF. AT GROUND LEVEL IF BELOW GROUND ALTITUDE
i=1

! 70 alfaab=ab(i)
- alfaab=alfaab¥*(1.+devab)**ieradb
i 80 return
¥ e
! end
{ c.
F function alfasec(h)
¢
c THIS ROUTINE COMPUTES THE ATMOSPHERIC SCATTERING COEFFICIENT
c

common/atmos/alfa(5,2),alfset,alfab,ia,ab(33),as(33),at(33,14,6)
& ,mat,mvis
’ common/err/ier,ierab,iersc,ierbr,devab,devsc,devbr

¢
. c CHECK TO SEE IF USER HAS SPECIFIED THE AFGL MODEL
e
. if (ia.eq.2) go to 10
- alfasc=alfsct®#(1.+devsc)*¥*iersc
go to 80
c

10 if (h.gt.25000.) go to 20
i=h/1000.+2.
go to 60

20 if (h.gt.50000.) go to 30
1=h/5000+22.
go to 60

30 if (h.gt.70000.) go to 40
i=32
go to 60

ko if (h.gt.100000.) go to 50
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1=33
go to 60

alfasec=0.
go to 80

if (i.gt.0) go to 7O
USE COEF. AT GROUND LEVEL IF BELOW GROUND ALTITUDE
i=1

alfasc=as(i)

alfasczalfasc®*(1.+devab)®*®ierab

return

end

subroutine tscat (prtr)

TSCAT COMPUTES THE SCATTERED POWER AT THE SR DUE TO SCATTERING

FROM THE TRANSMITTER. INCLUDED IN THE CALCULATIONS
ARE SIDELOBES AND SCATTER FROM THE OPTICS.

ALAM - LINK WAVELENGTH

DT - DIAMETER OF XMTR OPTICS
PT - XMTR POWER

ASR - AREA OF SR OPTICS

ANG - THETA TO TRANSMITTER

BSDFX - FACTOR USED IN COMPUTING WINDOW SCATTER
BAFEFF - EFFECTIVE SUPPRESSION OF BAFFLE FACTOR
BAFRAT - FUNCTION WHICH CALCULATES BAFEFF

PTS - TOTAL POWER FROM WINDOW SCATTER
PSL - TOTAL POWER FROM SIDE LOBES
PRTR - TOTAL POWER CONTRIBUTION FROM XMTR

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
irtype,ihet,ibflag, iw

common/ tdata /blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ srdata /asr,hs,phi,phiaz,dphi

common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
data hatm/100000./

pi=3.1415927

pts=0.

psl=0.

prtr=0.

bafeff=0.

ang=zangtr

if (ang.gt.1.57) go to 30
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CALCULATE EFFECTIVNESS OF BAFFLE
bafeff=bafrat(bdrt,dt,ang,blt)
COMPUTE WINDOW SCATTER

COMPUTE DISTANCE TO TRANSMITTER
rs=sqro(x ¥ 2+rpx##2)

COMPUTE TRANSMITTANCE
if (istog.eq.0) go to 10
SPACE TO GROUND EXCEPTION

call trans (hatm,hs,hatm-hs,t)
go to 20

call trans (ht,hs,rs,t)
COMPUTE TOTAL POWER DUE TO WINDOW SCATTER

bsdfx=bsdf(ang)
pts=asr*bsdfx®*pt *t/rs**2¥pafeff¥cos(ang)

CALCULATE SIDELOBE LEVEL FOR XMTR
xj=8.*%alam*pt#cos(ang)/ (97 .40909%*dt *ang**3)
psl=xj*asr*t*bafeff/rs*2

COMPUTE TOTAL POWER FOR WINDOW SCATTERING AND SIDELOBE LEVEL
prtr=pts+psl

return

end

function bsdf(ang)

74

THIS ROUTINE CALCULATES THE SCATTERING OFF OF THE TRANSMITTER
OPTICS. THEORY PREDICTS A LOG-LOG LINEAR CURVE WIJH A SLOPE OF
-2.0, THE USER CAN SELECT ANY SLOPE HE WISHES. GROSS ANOMALIES

MAY BE ACCOUNTED FOR BY USING NG *GLITCHES* OF AMPLITUDE
GAMPL(NG), FROM THETA=GSTART(NG) DEGREES TO THETA= GEND(NG)
DEGREES,

YBSDF - Y-INTERCEPT OF BSDF (AT 1 DEGREE)

SBSDF - LOG-LOG SLOPE OF BSDF

GSTRA - START OF DISCONTINUITY (GLITCH)

GENRA - END OF DISCONTINUITY (GLITCH)

GAMPL - AMPLITUDE OF DISCONTINUITY IN SPECIFIED RANGE

-

EURR RSN, SO
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common/ tbsdf / ng,gstart(3),gend(3),gampl(3),ybsdf,sbsdf,nbak,noa
,ibsdf
common/err/ier,ierab, ierse, ierbr,devab,devsc,devbr

BSDF CURVE USING LOG~-LOG STRAIGHT LINE APPRCOXIMATION
bsdf=ybsdf#(ang#*57 .2958 ) ¥¥sbsdf

if (ng.eq.0) go to 20
ADD IN GLITCHES IF SPECIFIED

do 10 i=1,ng

gstra=gstart(1i)/57.2958

genra=gend(1i)/57.2958

if (ang.ge.gstra.and.ang.le.genra) bsdf=gampl(i)
continue

ADD ERROR ANALYSIS DEVIATION
bsdf=bsdf#(1.+devbr)*¥ierbr
return

end

subroutine rscat (prec)

RSCAT COMPUTES THE CONTRIBUTIONS FROM REFLECTIONS OFF THE
BACKSTOP AND RECEIVER

DR ~ DIAMETER OF RCVR OPTICS

ASR - AREA OF SR OPTICS

PHIT - XMTR BEAMWIDTH

TL - TRANSMITTANCE BETWEEN XMTR AND RCVR
TS -~ TRANSMITTANCE BETWEEN RCVR AND SR
PBACKS - POWER REFLECTEDFROM BACKSTOP

POA - POWER REFLECTED FROM RECEIVER OPTICS

BAFEFF - FACTOR REPRESENTING EFFECTIVENESS OF BAFFLE
BAFRAT - FUNCTION TO CALCULATE BAFEFF

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
irtype,ihet,ibflag, iw

common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr

commorn/ srdata / asr,hs,phi,phiaz,dphi

common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw

data pi / 3.1415927 /

data hatm/100000./

thetap=pi-angrec
rbacks=0.
poa=0.

cohe
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bafeff=0. 4

c CALCULATE EFFECTIVENESS OF BAFFLE i
bafeff=zbafrat(bdlr,dr,thetap,blr)
if (istog.eq.0) go to 10

c SPACE TO GROUND EXCEPTION

call trans (hatm,hr,hatm~hr,tl) ;
go to 20 '

10 call trans (ht,hr,rl,tl) L
20 rs=sqrt((rl-rpx)##2.x#%#2) i
call trans (hr,hs,rs,ts) i

c COMPUTE POWER AT RECEIVER 1
|

]

prec=pt ¥tl

COMPUTE POWER REFLECTED FROM BACKSTOP - ASSUMES BACKSTOP
IS AT LEAST AS LARGE AS THE BEAM DIAMETER

Q000

pbacks=prec#*ts#rhobak(thetap)®*asr/(rs)*#2

00

COMPUTE POWER REFLECTED FROM RECEIVER

if (thetap.gt.1.57) go to 30
poa=prec*ts*asr*(dr/(rs®*rl¥*phit))##2#bafeff*rhooa(thetap)

c SUM CONTRIBUTIONS

30 prec=pbacks+poa
return
end .

function rhobak(thetap)

RHOBAK COMPUTES REFLECTANCE OF BACKSTOP

BMAXS - MAXIMIM OF SPECULAR COMPONENT

BFWHMS ~ FULL WIDTH AT HALF-MAXIMUM OF SPECULAR COMPONENT

PSIEFF - ANGLE BETWEEN NORMAL OF BACKSTOP AND LINK OPT. AXIS

THETS -~ ANGLE BETWEEN SPECULAR COMPONENT AND SR OPT. AXIS
RHOBAK - REFLECTANCE OF BACKSTOP §

0OO000D00000O0

common/rsct/oasmax,diffoa,oafwhm,bmaxs,bfwhms,bdiff(6),psiaz,psiel K
& ygams .

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
& irtype,ihet,ibflag, iw
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common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
COMPUTE BACKSTOP ORIENTATION FACTORS

rhobak=0.

cs1=x¥(sin(psiaz)*cos(gamint)+sin(psiel) *sin(gamint))+(rl=-rpx)*cos
(psiel)*cos(psiaz)

ANGLE BETWEEN BACKSTOP NORMAL AND SR
psieff=zacos(cs1/sqrt(x®##2+(rl-rpx)®%2))

CHECK TO SEE IF SR IS BEHIND BACKSTOP

if (psieff.gt.1.57) go to 10
es2=2.%asin((sin(psiaz))*#2+(sin(psiel)) ##2)
thets=acos((x®*sin(cs2)+(rl-rpx)¥*cos(cs2))/sqrt(x*#2+(rl-rpx)*#2))
backst=bmaxs¥*exp(=-2.773#(thets/bfwhns)##2)

ADD DIFFUSE AND SPECULAR COMPONENTS
rhobak=(bdiff(lam}/3.14159+backst)*cos(psieff)

return
end

function rhooa(thetap)

RHOOA COMPUTES THE DIRECTIONAL REFLECTANCE OF THE RECEIVER
NORMALIZED TO 1 WATT/SR. A SPECULAR COMPONENT IS DEFINED BY
A GAUSSIAN, AND A DIFFUSE COMPONENT IS A CONSTANT REFLECTION COEF

OASMAX - MAXIMIM OF SPEGULAR COMPONENT

OAFWHM - FULL WIDTH AT HALF MAXIMUM OF SPECULAR COMPONENT
DIFFOA - DIFFUSE REFLECTANCE

RHOOA - REFLECTANCE OF RECEIVER OPTICS

common/rsct/oasmax,diffoa,cafwhm,bmaxs,bfwhes,bdiff(6),psiaz,psiel
ygams

common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,ganint,bw

data onedeg,pi,r2d/.0174532925,3.141592654,57 .29577951/

thetap=pi-angrec

SPECULAR COMPONENT
oca=(oasmax-diffoa)®exp(~2.773%(thetap/oafwhm)##2)

ADD DIFFUSE COMPONENT

il
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rhooa=(diffoa/pi+oa)*cos(thetap)

return
end

function bafrat(d1,d2,theta,bl)

THIS FUNCTION CALCULATES THE EFFECTIVENESS OF THE RECEIVER
AND TRANSMITTER HOODS. D1 MUST BE >= D2,

if (bl.le.0.) go to 20
pi=3.1415927

ris=di/2.

r2=d2/2. -

thetap=theta
if (thetap.ge.1.57) thetap=pi-theta

€2 IS THE PERP. DISTANCE BETWEEN THE CENTER OF THE CIRCLES

c2=tan(thetap)*bl

if (c2.ge.(r1+r2)) go to 10

if (e2.le.(r1-r2)) go to 20

X AND Y ARE COORDINANTS OF INTERSECTION OF THE TWO CIRCLES

X=(r1#82.p2882,028%2) /(2,%02)
y=sqrt(r1##2.x##2)

thetai=atan2(y,x)
theta2=atan2(y,(¢2-x))

SOLVE FOR OVERLAPPING AREA OF CIRCLES
area=r1##2%thetal-x#y+r2##28theta2-(c2-x)*y

bafrat=zarea/(pifr2##2)
go to 30 ®
{

bafrat=0.
go to 30

bafrat=1.
return
end -

subroutine ston

INPUTS
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M
ETA
ALAM
F
BWR
PTHERM= THERMAL NOISE EQV POWER
DARKI= DARK CURRENT

MODULATION INDEX =1
QUANTUM EFFICIENCY
WAVELENGTH

NOISE ASSOCIATED WITH GAIN
RECEIVER BANDWIDTH

G
PS
PB

PREDETECTION GAIN
SIGNAL POWER
BACKGROUND (ROUTINE)

A ey

OUTPUTS
SN= SIGNAL TO NOISE,DB

T
&

.oa

ROUTINES CALLED - BACK COMPUTES BACKGROUND SIGNAL POWER

4
[0 e 2+ I IO o IO o T o Y o I o DO o o O o T # O 0 O & Y

common/ flags /mode,mcomp,mp,lam,modesw,lunit,nout,istog,iotype,
irtype,ihet,ibflag, iw
common/ tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common/ rdata / blr,dr,hr,gl,bdlr
common/ srdata / asr,hs,phi,phiaz,dphi
common/ ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
¢ * darki & ptherm replace pnep add g *

common/ sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sndb,xn,
& bwopt ,nflg,g '

data hc/1.986305188e-25/

.

2 d

ERPAE IS SN XN

s aeen

(]

if (ihet.eq.1) go to 10

HETERODYNE S/N EXPRESSION
WARNING : THE VALIDITY OF THIS EXPRESSION WAS UNDER
QUESTION AT TIME OF WRITING(SEE DOCUMENTATION)

N0NO0O0OO0Oo

snzemteta®alam*xm#**2%ps/(bwrthe)
go to 20

®* modify s/n expression to account for separation of

dark current and thermal noise #

DIRECT DETECTION S/N
0 xn1=xm*#28pg #e2

xn2=2.%he/(eta®alam) #f

EQV. POWER THAT GIVES RISE TO DARK CURRENT

pdzhe/(eta%*alam®1.6e~-19%g)*darki

call back

sn=xn1/((xn2*(ps+pb+pd ) +ptherm#*#2) #bur)
20 sndb=10.%*alog10(sn)
return
end

oy
.
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subroutine back

THIS SUBROUTINE CALCULATES THE BACKGROUND POWER

EMM
OMGREC
NFLG
RHO

EMMISTIVITY OF SOURCE {
SOLID ANGLE FOV OF RECEIVER -
DAY/NIGHT FLAG (1 IF NIGHT)
REFLECTANCE OF SURFACE

BWOPT OPTICAL BANDWIDTH, MICRONS :
OMGSUM - SOLID ANGLE SUBTENDED BY SUN(SR) \
PSOLAR - BACKGROUND POWER FROM RADIATION OF SUN

PBLK BACKGROUND POWER FROM BLACKBODY RADIATION OF EARTH
PBACK - TOTAL BACKGROUND POWER

0000000000000

®# darki & ptherm replace pnep add g *
common/sndata/bwr,eta, f,em,pb,ps,darki,ptherm,snpndb, sndb, xm,
bwopt ,nflg,g
common/srdata/ asr,hs,phi,phiaz,dphi ]
» common/ldata/rl,alam,rpx,theta,x,angtr,angrec,ganint,bw
data rho/3./,emn/1./,temblk/293./
data cfudge/.01/
dimension solvir(183),socluv(20)
THE DATA IN ARRAYS SOLVIR AND SOLUV ARE HLAMDA IN UNITS
OF WATTS PER SQUARE METER PER MICRON AND ARE FROM
THE HANDBOCK OF GEOPHYSICS AND SPACE ENVIRONMENTS !
FOR AN AIR MASS OF 2.

[
[

0O00 0O

data solvir/
54,0, 101., 151., 188., 233., 279., 336., 379., 470., 672.,
733., 787., 911.,1006.,1080.,1138.,1183.,1210.,1215.,1206.,
1199.,1188.,1198.,1190.,1182.,1178.,1168.,1161.,1167.,1168.,
1165.,1176.,1175.,1173.,1166.,1160.,1149., 978.,1108.,1070.,
832., 965.,1041., 867., 566., 968., 907., 923., 857., 698.,
go1., 863., 858., 839., 813., 798., 614., 517., 480., 375.,
258., 169., 278., 487., 584., 633., 645., 643., 630., 620.,
610., 601., 592., 551., 526., 519., 512., 514., 252., 126.,
~ 69.9, 98.3, 164., 216., 271., 328., 346., 344., 373., 402.,
', 431., 420., 387., 328., 311., 381., 382., 346., 264,, 208.,
168., 115., 58.1, 18.1, .660, 0.00, 0.00, 0.00, 0.00, 1.91,
3.72, 7.3, 13.7, 23.8, 30.5, 45,1, 83.7, 128., 157., 187.,
209., 217., 226., 221., 217., 213., 209., 205., 202., 198.,
194., 189., 184., 173., 163., 159., 145., 139., 132., 12i.,
115., 105., 97.1, 80.2, 58.9, 38.8, 18.4, 5.70, .920, 0.00,
0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, .705,
2.34, 3.68, 5.30, 17.7, 31.7, 37.7, 22.6, 1.58, 2.66, 19.5,
y7.6, 55.4, 54.7, 38.3, 56.2, 77.0, 88.0, 86.8, 85.0, 8u.4,
83.2, 20.7, 0.00/
data soluv/ .
JAT7, .342, .647, 1.16, 1.91, 2.89, u4.15, 6.11, &.28, 11.0,

Re Re Re Re Re Qv Re Re Qo Re Qo Qe Qe Re Qo Re Qe Qe Qe
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00000

13.9, 17.2, 21.0, 25.4, 30.0, 34.8, 39.8, 44.9, u9.5, 54,0/

PLANCK#S EQUATION FOR SPECTRAL DISTRIBUTION
ci(alamda,temp)=emm*1,19096e-22/ (alamda**#5*(exp(1.43879e-2/(alamda
*temp))-1.))

SOLVE FOR HLAM USING INTERPOLATION ROUTINES

hlam=0.
pblk=0.

" psolar=0.

CALCULATE RECEIVER®S SOLID ANGLE FOV, STER
omgrec=phi*phiaz .

CHECK TO SEE IF DAY OR NIGHT
if (nflg.eq.3) go to 40

if (alam.ge.3.01e-T.and.alam.1lt.3.20e=7) go to 10
if (alam.ge.3.20e-7.and.alam,lt.2.18e-6) go to 20
go to 30

hlam=odlie(alam,soluv,.00%e-6,.301e=6,20)
go to 30

hlam=odlie(alam,solvir,.01e-6,.32e~6,183)
COMPUTE CONTRIBUTION FROM SOLAR RADIATION
psolar=rho#*bwopt®asr¥ongrec®hlam/(3.14159%2)
CLOUDY DAY FUDGE FACTOR

if (nflg.eq.2) psolar=psolart*cfudge

COMPUTE CONTRIBUTION FROM BLACKBODY RADIATION OF EARTH
if (alam.gt.1.5e-6) pblk=asr®omgrec®bwopt¥*ci(alam,temblk)

SUM CONTRIBUTIONS P
pb=psolar+pblk

return

end

function odlie(x0,f,dx,xs,n)

one=-dimensional linear interpolation routine for
equally-spaced data

x0=value for which f(x0) is desired

304
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f=array containing values of dependent variable
dx=increment for independent variable
xs=starting value of independent variable
n=number of points in f

00000

i dimension f(n)
q={x0-xs)/dx+1.0
{ . k=int(q)
] - if (k.lt.1) i=1
3 if (k.gt.n=1) i=ne-1
- if (k.ge.tl.and.k.le.n=-1) i=k

: odlie=(f(1)+(£(i+1)~-£(1))*(g=-1))
i return

end

c.
¢ * add subroutine batch *
‘ subroutine batch

READS INPUTS FROM A USER SPECIFIED FILE, N, IN NAMELIST
FORMAT. THE NAMELIST NAME IS INPUT.

OO0 00

¢ common / flags / mode,mcomp,mp,lam,modesw,lunit,nout,istcg,iotype,
‘ irtype,ihet,ibflag, iw
common / blockl / xmod(6),gainsr(6),qe(6),fnoise(6),srow(6), °
& srdark(6),srther(6),
& alamda(6),o0bw(6),nhol(6)
common / tdata / blt,dt,ht,phit,pt,rb,grndi,bdrt,sigj,sigt
common / rdata / blr,dr,hr,gl,bdlr
common / srdata / asr,hs,phi,phiaz,dphi
common / ldata / rl,alam,rpx,theta,x,angtr,angrec,gamint,bw
common / sndata / bwr,eta,f,em,pb,ps,darki,ptherm,snpndb,sn db,xm,
& bwopt,nflg,g
common / atmos / alfa(5,2),alfsct,alfab,ia,ab(33),as(33),at(33,14,6),
& mat,mvis
common / tbsdf / ng,gstart(3),gend(3),gampl(3),ybsdf,sbsdf,nbak,noa,
& ibsdf
common / rsct / oasmax,diffoa,ocafwhm,bmaxs,bfwhms,diff(6),psiaz,
& psiel,gams
. common / plte / xint(200),yint(200),h(200),contr(2),np,note
common / wavefm /npts,t,formo(1000),forml(1000),power0(1000),
& power1({1000)
data deomp,r2d /0.0,57.295779 /
namelist /input / lam,alamda,ia,alfsct,alfab,at,mat,mvis,ab,as,
dt,phit,ibsdf,ybsdf,sbsdf,ng,gstart,gend,gampl,dr,nbak,bmaxs, bfwhns,
bdiff,psiaz,psiel,noa,oasmax,ocafwhm,diffoa,pt,rl,ht,hr,istog,x,
theta,gl,ibflag,sigj, iw,rd,grndi,mcomp,mp,irtype,xm,ihet,em,eta,f,
bwr,darki,ptherm,bwopt,nflg,bw,asr,phi,phiaz,blt,bdrt,blr,bdlr,hs, p
gamint,mode,rpx,dcomp,t,npts, form0,forml,g ;
READ INPUTS R
write(6,200)

Re

O R* R* R* R* R*
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100

20
210

format(/,10x,"input file?")

read(5,100) n

format(v) .
read(n,input)

close (n)

SELECT WAVELENGTH

if (lam.ne.6.and.lam.ne.0) alam=alamda(lam)

LOAD THE ABSORPTION AND SCATTERING ARRAYS AB AND AS

mat1=2%mate1

mat2=mati+1

mvis1=10+2%¥mvis=-1

mvis2=mvis1+1

do 10 j=1,33
ab(j)=(at(j,mat1,lam)+at(j,mvist,lam))*1.0e=-3
as(j)=(at(j,mat2,lam)+at(j,mvis2,lam))*1,0e=3
CHECK FOR DIFFRACTION LIMIT
diffl=1.22%alam/dt

if (phit.1t.diffl) go to 20

CHECK FOR HETERCDYNE RCVR IN MODE 6

if (mode.eq.6.and.ihet.eq.2) go to 30

CHECK NPTS ODD

if (npts.eq.2%(npts/2)) go to 40

CONVERT TO RADIANS

psiaz=psiaz/ra2d

psiel=psiel/r2d

thetastheta/rad

gamint=gamint/r2d

SET DEFAULT VALUES

if (bdiff.gt.0.0) diff(lam)=bdiff

if (nbak.eq.3) bmaxs=bdiff

if (istog.eq.1) mcomp=1

if (xm.eq.0.0) xm=xmod(lam)

if (ihet.eq.0) ihet=1

if (eta.eq.0.0) eta=qe(lam)

if (f.eq.0.0) f=fnoise(lam)

if (bwr.eq.0.0) bwr=zsrbw(lam)

if (darki.eq.0.0) darki=srdark(lam)

if (ptherm.eq.0.0) ptherm=srther(lam)

if (g.eq.0.0) g=gainsr(lam). '

if (bwopt.eq.0.0) bwopt=obw(lam)

if (bdrt.eq.0.0) bdrt=dt

if (bdlr.eq.0.0) bdlr=zdr

if (dcomp.ne.0.and.mode.eq.4) contr(1)=dcomp
if (dcomp.ne.0.and.mode.eq.5) contr(2)=dcomp
return

write(6,210) phit,diffl
format(/,10x,"transmitter beamwidth, ",1pe11.3,

"radians, is less than diffraction limit, ",1pe11.3," radians")
stop
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30 write(6,220) ,
220 format(/,10x,"Pr(e) analysis not valid for heterodyne receivers")

stop i
c
40 write(6,230) .
230 format(/,10x,"npts must be odd") i
: stop :
- end

o

A R Py

oA M i
Cassiaiiduithniby




B Section [V
' PROBABILITY OF ERROR SUBROUTINE

. A ~.u.-.~.,~,19. “

I T ey

- Bt B FACRE STV



t‘
b
N
i
b
4
¥
!
b
I
!
I
4
b
¥
!,

T TR Y e T

!
Py &

L,

PROBABILITY OF ERROR SUBROUTINE

The subroutine ERROR is a FORTRAN program to calculate upper
and lower bounds on the probability of bit error for any direct
detection optical communication receiver for which the power waveform
incident on the detector may be considered non-stochastic. The probabil-
ity of error bounds are implemented by means of the Bhattacharyya

distance measure.

The performance bounds are based on the received power wave-
forms given mark and space. Thus, the lower bound is the absolute best
performance one might possibly achieve given the received signal set.

The upper bound is the worst one will do assuming the receiver implements

the optimal decison rule on the detector output.

The inputs are passed to the program in labeled common. The
sampled received power waveform given mark and the received waveform
given space as well as the number of sample points and the bit duration
appear in the common WAVEFM. The number of samplepoints must be odd.
The pertinent receiver parameters are passed in the common RCVR. Or
it may be more convenient to insert the common blocks from the main
program that contain the necessary information. The labeled common

INTER passes data to the external Bhattacharyva distance functions.

The program returns as arguments the upper and lower bounds

on the probability of bit error and a flag indicating whether the

s B




performance is (1) shot noise limited, (2) thermal noise limited, or

(3) a combination of shot and thermal noise. If the receiver noise is

P

a combination of shot and thermal or excess noise, both the performance
assuming a Poisson model and the performance assuming a Gaussian

model are returned for user comparison.

The Bhattacharyya distance integrals are evaluated using Simpson's

rule ‘or integration. To the extent *hat the sample points adequately ' i

represent the waveform in a piece-wise sense, Simpson's rule is

accurate enough.

The OFF-AXIS program supplies the dark current, iD’ and the

o

thermal noise equivilent power, Ptherm’ rather than the dark pewer, PD,

P R

and the spectral density of the thermal roise, N,/2. To avoid unnecessary
computations the subroutine as it appears in my thesis was modified

slightly. The relationship between the parareters is

2

PD = iD/aeG NO/Z = 1/2(eCuF )i

therm

-

The modification is straightforward substitution and cancelation of

terms.

Following is a flow chart and 1isting of the subroutine
ERROR.
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Program listing of subroutine ERROR




SUBROUTINE ERROR

a=nAi/hc
PN =PB+ PD

e

CALCULATE
- | AVERAGE
r Ny RECEIVED
}

- POWER

THERMAL
NOISE 2 10 AVERAGE
SHOT NOISE?

" EXCESS
NOISE ?

AVERAGE
SHOT NOISE 210
THERMAL NOISE ?
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NFLAG =2

CALL SIMP

BaLp THFRMI(PSO(H-PS,(H) dt

| -28 L8
ze < Pr (e)THERM<2e

( RETURN )

NFLAG = |
CALL SIMP
%oj Pyo (1 +Py =4/ Py () +P ) dt

l .’28 <
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NFLAG =3

.‘LPZ
PN s PN + THERM
27 F

. . CALL SIMP
2
B4 Ffalv/Peo (1 + Py = /P (n1+Py )t
+ °
?’ %9-28<Pf (e)sﬂo*r(lie-a

CaLL SIMP 2
lefr[ (Pso “)‘Ps|“)) .
2] L2F (Pso(1)+F5 (1 +2Py)

t
a~/(Pgo (1) + P ) (Pg (1) + Py )

¢"28 <Pr (e) rueam < 3

( RETURN )




Flow chart of subroutine ERROR
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L. subroutine error(nflag,lobnd1,upbnd1l,

& lobnd2,upbnd2)
c
c CALCULATE PROBABILITY OF BIT ERROR
¢
- c INPUTS:
c ps0(1i) - SAMPLED RCVD SIGNAL POWER
» c WAVEFORM GIVEN SPACE (W)
S ¢ ps1(1i) - SAMPLED RCVD SIGNAL POVWER
k- ¢ WAVEFORM GIVEN MARK (W)
RN c npts - NUMBER OF SAMPLED WAVEFORM
° c POINTS. NPTS MUST BE ODD.
e c t - BIT TIME INTERVAL (S)
! c eta - DETECTOR QUANTUM EFFICIENCY
- c g - DETECTOR GAIN
: ¢ f - EXCESS NOISE
" ¢ alam - OPTICAL WAVELENGTH (M)
“ ¢ ptherm - NOISE EQUIVALENT POWER OF
= c THERMAL NOISE (W)
! ¢ pback - BACKGROUND POWER (V)
b ¢ darki - DETECTOR DARK CURRENT (4)
b C
‘ c RETURN:
c upbnd1 - SHOT NOISE LIMITED UPPER
c BOUND ON PROBABILITY OF ERROR
c lobnd1 - SHOT NOISE LIMITED LOWER
c BOUND ON PROBABILITY OF ERROR
c upbnd2 - THERMAL NOISE LIMITED UPPER
¢ BOUND ON PROBABILITY OF ERROR
c lobnd2 - THERMAL NOISE LIMITED LOWER
c BOUND ON PROBABILITY OF ERROCR
. c nflag - PERFORMANCE FLAG )
c 1 - SHOT NOISE LIMITED
c 2 - THERMAL NOISE LIMITED
c 3 - COMBINATION OF SHOT AND
e} THERMAL OR EXCESS NOISE
¢
c INTERNAL VARIABLES:
c b -~ BHATTACHARAYYA DISTANCE
c pnoise - EFFECTIVE NOISE POWER (W)
¢ pave - AVERAGE RECEIVED POWER
c alpha - OPTICAL POWER TO AVERAGE
¢ PHOTON COUNTS
c eg - PHOTON COUNTS TO CURRENT
c

common / wavefm / npts,t,form0(1000),
form1(1000Q),ps2(1000),ps1(1000)
common / ldata / rl,alam,rpx,theta,x,
& angtr,angrec,gamint,bw

Ro
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common / sndata / bwr,eta,f,em,pback,ps,darki,

ptherm,snpndb,sndb, xm,bwopt,nflg,g
common / inter / pnoise,alpha,eg,fnoise

external func1,func2,func3
real lobnd1,lobnd2

alpha=zeta®*alam/(2.998e8%6.626e-34)
eg=g*1.6e-19
fnoise=f

pnoise=pback+darki/(alpha¥*eg)

CALCULATE AVERAGE POWER
pave=0.0

do 10 i=1,npts
pavezpave+ps0(i)+ps1(i)
continue
pave=z0.5%pave/npts+pnoise

THERMAL NOISE LIMITED?

if (alpha*0.5¥ptherm#*#2,gt.10.0*f¥%pave)
go to 40

EXCESS NOISE®?

if (f.gt.1.0) go to 20

SHOT NOISE LIMITED?

if (pave.gt.10.0*alpha*0.5%ptherm#*¥2)
go to 30

nflag=3
pnoise=pnoise+alpha*0,5%¥ptherm*#2/f
b=0.5*f¥simp(func1)
upbnd1=0.5%exp(=-b)
lobnd1=0.25%exp(-2.0%Db)
b=0.5%simp(func3)
upbnd2=0.5%exp(=-b)
lobnd2=0.25%exp(=-2.0%Db)

return

nflag=1
b=0.5*simp(func1)
upbnd1=0.5%exp(-b)
lobnd1=0.25%exp(=-2.0%Db)
return

nflags=2
b=0.25*simp(func2)/ptherm#*#2
upbnd2=0.5%exp(-b)
lobnd2=0.25%exp(=-2.0%Db)
return

end
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Re Re Re

function simp(fune)

SIMPSONS RULE INTEGRATION OF
FUNCTION FUNC

common / wavefm / npts,t,form0(1000),
form1(1000),ps0(1000),ps1(1000)
double precision sum

sum=0.0

do 10 i=1,npts-2,2
term=func(i)+4*func(i+1)+func(i+2)
sum=sum+term

continue

simp=t*sum/(3*(npts-1))

return

end

function funec(i)
BHATACHARAYYA DISTANCE FUNCTIONS

common / wavefm / npts,t,f0(1000),
£1(1000),p0(1000),p1(1000)
common / inter / pn,a,e,f

POISSON PROCESS

entry func1(i)

func=a*(sqrt(pi(i)+pn)- sqrt(p0(1)+pn))**2
return .

GAUSSIAN PROCESS
entry func2(i)
func=(p1(i)=-p0(i))*%2
return

GAUSSIAN PROCESS - TIME VARYING VARIANCE
entry func3(i)

func=a*(p1(i)-p0(i))**2/
(2.0%F*(p1(i)+p0(i)+2.0%pn))+
alog((p1(i)+p0(i)+2.0%pn)/
(2.0%sqrt((p1(i)+pn)*¥(p0(i)+pn))))
return

end
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APERTURE AVERAGING CHECK SUBROUTINE

The subroutine APERTR is a FORTRAN subprogram to calculate if
there is enough aperture averaging to ignore the effects of atmospheric
turbulence in the clear atmosphere between the scattering volume and

the off-axis receiver.

As shown in Figure 1, the scattering volume may be viewed as an
extended incoherent source localized to a plane parallel to the receiver
aperture. This effective transmitter aperture is located a distance L
from the receiver. If we assume that the scattering volume fills the
receiver field of view, the area of the effective transmitter aperture

may be calculated from the rectangular field of view of the receiver
A, = 2L sin(¢/2) - 2L sin(¢p/2) (1)

where ¢ is the receiver field of view in the intercept plane and ¢p is

the field of view perpendicular to the plane.

The effective transmitter aperture may be thought of as a
collection of coherence cells, from each of which the 1ight will arrive
at the receiver with statistically independent fading. The area of
each coherence cell is ﬂp°2/4 where P is the coherence distance. If
the effective transmitter contains many, one hundred or more, coherence
cells the random fading will be 'averaged out' over the statistically
independent channels. For receivers collecting power from a scattering

volume, the field of view will most 1ikely be large enough that this

condition is met,

it ¢ 4 et e rad
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For paths with uniform turbulence

-3/5

2 (2)

o, = [1.09 (2x/2 cnl L]

where A is the wavelength and an the atmospheric structure constant.
The program selects from three values of an, corresponding to mild,

moderate or severe turbulence.

If the above condition is not met, the program assumes  that the
off-axis receiver is narrowing in on a signal from a reflecting surface.
The effective path length is now the total path from the transmitter

to the reflecting surface to the receiver.
L = [rpx - x/tan(e)] + x/sin(e) (3)

In a similar manner the receiver aperture can be broken up into coherence
cells each of area np°2/4. The coherence distance, o _, is calculated

as apbove using the value of L calculated in £q.(3). Again, if there are
one hundred or more coherence cells in the receiver aperture, each

experiencing random fading, the effects of fading will be averaged out.

If neither of the above conditions is met, the program prints

out a warning that performance may be degraded due to turbulence induced

fading.

Following is a listing of the subroutine APERTR.
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subroutine apertr

CALCULATES IF THERE IS ENOUGH APERTURE
AVERAGING TO IGNORE THE EFFECTS OF
FADING DUE TO TURBULENCE

VARIABLES:
iw - TURBULENCE FLAG
1-SEVERE 2~MODERATE 3-WEAK
cnsq - ATMOSPHERIC STRUCTURE
CONSTANT (M¥%#2/3)
arho - TURBULENCE COHERENCE
CELL AREA (M#*%2)
X - PERPENDICULAR DISTANCE
SR TO BEAM (M)
rpx - DISTANCE TRANSMITTER TO SR
OPTICAL AXIS (M)
theta - ANGLE LINK AXIS TO SR
OPTICAL AXIS (RAD)
phi - SR FOV IN INTERCEPT
PLANE (RAD)
phiaz - SR FOV OUT OF PLANE (RAD)
1 - EFFECTIVE PATH LENGTH (M)
asr - SR APERTURE AREA (M#%¥2)
atr - SCATTERING VOLUME EFFECTIVE
APERTURE AREA (M¥%2)
alam - WAVELENGTH (M)

common / flags / mode,mcomp,mp,lam,modesw,
lunit,nout,istog,iotype,irtype,ihet,ibflag,
iw

common / ldata / rl,alam,rpx,theta,x,
angtr,angrec,gamint,bw

common / srdata / asr,hs,phi,phiaz,dphi
dimension ensq(3)

data cnsq / 2.85e-13,1.0e-13,8.5e-15 /

data pi / 3.142 /

l=x/sin(theta)

atr=U,0%1*%2%tan(0,5%phi) *¥tan(0.5%phiaz)
arho=pi*(43,03%cnsq(iw)*1/alam¥*2)%%.0 ,6/4
if (atr.gt.100%*arho) return

write (6,200)

format (6x,"program assumes SR is ",
"narrowing in on a reflecting target",/)
l=rpx-x/tan(theta)+x/sin(theta)
arho=pi*(43.03%cnsq(iw)*1/alam#*#2)#%.0 ,6/4
if (asr.gt.100%arho) return

PR OTC
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c .
temp=100*arho
write (6,210) temp
210 format (6x,"performance may be degraded by",
& " fading due to turbulence",/,6x,"minimum ",
& "SR aperture for complete averaging is ", |
& 1pe11.3," meters*#2n /) :
. return
- end
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ABSTRACT

The performance of off-axis optical communication receivers
is considered. A statistical model of the photodetection process is
presented and the influence of the received field statistics on the
photodetection process is discussed. Upper and lower bounds on the
probability of bit error for binary, one-shot, digital communication
systems utilizing direct detection are developed. These hounds are
based on the Bhattacharyya distance measure. A computer program is
developed, which when interfaced with existing programs that model the
propagation of optical radiation through the atmosphere, predicts the
probability of bit error performance for off-axis optical communication
systems.

Thesis Supervisor: Robert S. Kennedy

Title: Professor of Electrical Engineering
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A(t)

GLOSSARY
Proportionality constant, nP(t)/hv.

Bhattacharyya distance
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Bandwidth of optical filter
Atmospheric structure constant
Excess noise factor

Mean detector gain

Detector quantum efficiency

Planck's constant

T

Impulse response of the post-detection electronics
Identity matrix

Optical path length

Likelihood ratio

Rate function of an Inhomogeneous Poisson process
Covariance matrix of a Gaussian random vector
Mean of a Gaussian random process or variable
Nominal optical frequency

Number of samples of a random process

Power density of background noise

Bilateral spectral density of thermal noise
Poisson process Q

Received signal power waveform

Average receijved signal power

Collected background power
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Equivalent power that gives rise to the dark current i
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Effective noise power

Probability of bit error

Probability distribution of x conditioned on hypothesis H
Atmospheric coherence distance

Variance of a Gaussian random process or variable
Bit duration time

Event times of carrier generation

Field of view

Diffraction Timited field of view

Bandwidth of post-detection processing

A random process or variable

A random process of variable
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CHAPTER ONE

INTRODUCTION

In recent years there has been a tremendous interest and growth
in communication systems utilizirg light transmitted over optical fibers.
Opitcal fibers provide a more benign propagation medium than is
available in the open atmosphere. The atmospheric channel suffers from
scattering due to suspended particles, random refractive index fluctuations
and limitations due to bad weather. However, the increasing congestion
of the electro-magnetic spectrum has increased interest in the use of
optical frequencies for situations in which mobility, geographical
constraints or the desire to broadcast to a number of users precludes

the use of cabled connections.

Off-axis Optical Communication

This study will concentrate on systems that rely on the atmospheric
scattering to establish over-the-horizon communications or non-1line-of-
sight broadcast capabilities. A number of authors have considered such
systems [1-4]. Typical geometries for off-axis communication systems are
shown in Figure 1. The complex geometry of the off-axis Tink atmospheric
scattering dictates that the propagation of radiation from transmitter
to receiver will usually be modeled 1in a computer program. In this
paper a computer code to analyze the performance of off-axis communica-
tion receivers will be developed. This code will interface with existing

propagation programs. Analog communication will be discussed briefly,

but the major emphasis will be on analyzing the performance of digital
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systems.

A block diagram of an off-axis optical communication system is
shown in Figure 2. The information is used to modulate an optical
source. The transmitter antenna couples the source power into the
atmospheric channel. Optical antennas are basically telescopes.
Similarly, the receiver antenna couples the atmospheric channel to the
receiver detector. The characteristics of the optical antennas,
particularly the transmitter beam divergence and receiver field of view,
will greatly influence the nature of the atmospheric propagation by

determining the size of the scattering volume.

The receiver predetection processing may include an optical
filter to 1limit the out-of-band background radiation or optical
processing to separate different polarization or frequency components
of the received field into different detectors. (Heterodyne receivers,
the predetection mixing of the received field with a local oscillator
laser, will not be considered for reasons discussed in Chapter Two.)
The detector converts the optical signals into electrical signals.
Finally, the post-detection processing demodulates or decodes the

electrical signal to extract the desired information.

The off-axis optical receiver problem can be separated into a
propagation problem and a performance problem. The dividing line will
be the detector surface. The optical power incident on the receiver

detector will be a function of the receiver collecting optics area and

field of view, as well as the transmitter power, beam divergence, modula-
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tion, the link geometry and the atmospheric scattering. In general, this
waveform will suffer both attenuation and time dispers{on during propaga-
tion. Receiver performance will be limited by the optical power waveform
incident on the detector, the collected background radiation and the
receiver parameters that specify the quantity and nature of the detector
noise. Optical receivers exhibit fundamentally different noise

character from radio receivers due to quantum effects. Quantum effects
are important at optical frequencies because the photon energy greatly

exceeds the thermal agitation.

Preview

The formulation of the performance analysis problem will be
developed in Chapter Two. A statistical model of the detection
process will be presented and assumptions about the nature of the signal
incident on the detector will be explored. In Chapter Three a bound
on the performance of digital receivers based on the Bhattacharyya
distance will be developed. It will be shown that the bound provided
by the Bhattacharyya distance is a general, yet relatively simple to
calculate, bound that is amenable to computer implementation. The
algorithm for such a computer implementation will be outlined. A FORTRAN

computer routine based on the results of Chapter Three appears in the

Appendix.
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CHAPTER TWO

PROBLEM FORMULATION

In this chapter the background and restrictions of the problem
formulation will be developed. These can be roughly divided into two
areas: the detector noise model and assumptions about the interface

between the propagation and performance analysis.

Detector Noise Mechanisms

A11 current devices for converting optical signals into electric
signals involve energy measurement. A quantum of optical energy, the
photon, is absorbed and a charge carrier generated. Thus, photodetectors
respond only to the power, or intensity, of the optical signal rather
than to the electromagnetic field itself. The power is proportional to

the rate of photo-absorption.

The principle detectors for use in optical communication
receivers are photomultiplier tubes, semiconductor photodiodes and
avalanche photodiodes. While there are important physical differences
between these devices, it is possible to develop a single statistical
model which can, by appropriate selection of parameters, describe the
behavior of any of the above detectors. The output current of the

photodetector may be modeled as

i(t) = [z egga(t-r;) + i7()] » h(t)
1

where T, are the event times of carrier generation, e the charge on the

electron, 9; the detector gain for each ohoton detection, iT a noise
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current of thermal origin and h(t) the impulse response of the post-
detection amplifier or load resistor network. It is assumed that the
impulse response of the detector is faster than that of the following

electronics. A block diagram of a photodetector is shown in Figure 3.

The generation of carriers can be modeled as a Conditional
Inhomogeneous Poisson process, N(t), with rate parameter proportional
to the instantaneous signal plus background power incident or the
detector, Ps(t) and Pp respectively. The proportionality constant o
is n/hv, where hv is the photon energy at optical frequency v and n is
the quantum efficiency of the detector -- essentially the probability
a photon will generate a carrier. The discrete nature of carrier
generation gives rise to shot noise in low light levels. Additional
shot noise results from spontaneously generated charge carriers referred
to as the dark current. These emissions occur at random with average
rate aPD, where PD is a fictitious power called the dark power. Though
they arise from physically different sources, it is convenient to lump

PB and PD together into an equivalent noise power, PN.

In photomultipliers and avalanche photodiodes, the charge carriers
generated by photo-absorption undergo a current multiplication within
the device. The initial charge carriers are accelerated by an electric
field creating additional carriers as they collide with the photodetector
material. These new carriers in turn create more carriers in a similar
fashion. The gain for each carrier created by photo-absorption is
random. These random gains may be modeled as independent, identically

distributed random variables of mean value G and second moment G2+x.
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The quantity G* is referred to as the excess noise factor, F. The
value of x is dependenf on the particular device. For photomulitipliers
the value of x is small and the gain may be considered constant. The
excess noise in avalanche photodiodes is significant enough that it
must be modeled. In contrast to photomultipiiers and avalanche

photodiodes, photodiodes have unity gain.

To these current pulses is added a thermal noise iT(t). This
current is a wide-band noise associated with any internal detector
resistance, the load resistor, or the front-end noise of any following
electronics. It is reasonably modelled as a white Gaussian random process
with zero mean and bilateral spectral density, N0/2, of Zka/Re. Here
k is Boltzmann's constant, Tk the absolute temperature and Re the
effective 1oad resistance. The thermal noise will be especially signifi-

cant for detectors that do not have internal gain.

One may define a signal-to-noise ratio, SNR, as the squared
AN

average expected value of the signal component of i(t) divided by

the variance of i(t). It can be shown [5] that

ELi(t) ;10 (aP)?

SNR = T‘[—(’T}— -
VARL1(t © [Fa(Pgspy) + N°/2(eG)2]2w

where W is the bandwidth of the following electronics. The first term
of the denominator is the variance due to shot noise while the second

term is due to the thermal noise. Notice that if the gain is Targe and

constant the effects of thermal noise can be neg1ected. This is the
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shot noise 1imit. However, if gain fluctuations exist, F will be a
function of G. Thus, some optimal mean gain value will exist which
maximizes the signal-to-noise ratio by balancing the shot noise

variance and the thermal noise variance. Without internal gain or
cryogenic cooling the thermal noise will usually swamp out the shot noise.
This is the thermal noise 1imit. The choice of photodetector --
photomultipiier, photodiode or avalanche photodiode -- will often depend
on what type is available at the optical frequency at which one is

working.

Photodetector Output Statistics

While signal-to-noise ratio expressions are appropriate for
analyzing the performance of analog communication systems, the
performance analysis for digital communication receivers requires a
more complete knowledge of the detector output statistics. The digital
receiver will apply a decision rule to the received signal to determine
which of a finite number of signals, or characters, was most likely sent.
The performance measure of interest is the probability of making an
error in decoding. Determining the probability of error, Pr(e), requires
knowledge of the probability distribution of the detector output given

one knows which character was sent.

If there is no excess noise and the average shot noise variance,
a(PS+PN), greatly exceeds (by a factor of ten or more) the thermal noise
variance, NO/Z(eG)z, the Poisson counting statistics will dominate. The

detector output current pulses can be modeled as a Conditional Inhomoge-
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neous Poisson process with rate parameter a[Ps(t)+PN],

If the thermal noise variance greatly exceeds {again by a
factor of ten) the average shot and excess noise variance, aF(PS+PN),
the Gaussian statistics of the thermal noise will dominate. The

detector output current may then be modeled as a Gaussian random process

with mean value eGa[PS(t)+PN] and variance N0/2.

If the receiver noise is a combination of shot and thermal noise,
finding the underlying statistics of the detector output becomes quite
complicated, if not intractable. The approach used in this study has
been to model the shot noise as a Gaussian process of the same variance
and then alternatively to model the thermal noise as a Poisson process,
again on a second moment basis. If the performance predicted by both
analyses are numerically close, it can reasonably be assumed that the

true performance is also numerically close. There are no guarantees on

how close however!

Finding the underlying statistics for the compound Poisson
process resulting from random gain fluctuations 1is a more tractable
problem [6]. However, receivers with gain fluctuations will most likely
utilize an optimal mean gain to maximize the signal-to-noise ratio by
balancing the shot and therma® noise variance terms. Thus, the
approach used here is to again model the shot and excess noise as a

Gaussian process and then the thermal and excess noise as a Poisson

process to achieve a 'handle' on the performance.
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Deterministic Power Assumption

The preceding discussion has assumed that the optical power E}
incident on the detector is known. In reality the power waveform will ‘3
be the output of a random atmospheric channel and thus a stochastic
process. It will be shown in this section that for most off-axis
optical communication systems the receiver statistics will behave as if
the detector were illuminated by a deterministic signal equal to the

mean value of the stochastic power waveform actually illuminating it.

The signal from an off-axis scatter channel can be thought of

as a distributed incoherent source, much the same way as background

ST RPN L2,

1ight is modeled. The off-axis receiver will, within constraints, open

the field of view to take in as much of the extended source as possible.

It is possible to think of the receiver as the sum of an
array of diffraction limited field of view receivers, arranged to make
up the entire field of view. Due to the short wavelength of optical
frequencies, even modest fields of view will contain on the order of

10° to 108

diffraction Timited fields of view. Each diffraction
limited field of view is looking at a different part of the scattering

atmosphere and the stochastic intensity fields incident on each can be

assumed to be statistically independent.

If the extended source approximately fills the receiver field
of view, to first approximation, the total average received signal power ‘g
may be thought of as equally divided among the diffraction limited fields

of view. (If the extended signal source does not fill the field of
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view, the field of view could be made smaller thereby decreasing the
collected background at no loss of signal.) Because of the large

number of diffraction limited fields of view, the signal plus background
power per diffraction limited field of view will be small. In fact,

for most off-axis receivers an average of less than one photon count
will be generated per diffraction limited field of view over the
counting interval of the receiver. Kennedy has called channels which

satisfy this supposition weakly coherent quantum channels [7].

The representation theorem for doubly stochastic Poisson
processes (that is a Poisson process in which the rate parameter is also
stochastic) states that the statistics of a doubly stochastic Poisson
process will behave as a conditional Poisson process with rate parameter
equal to the minimum mean square error estimate of the stochastic rate
parameter [8]. The minimum mean square estimate is based on all previous
events and any conditioning. If the probability of getting one or more
counts or events is small, the minimum mean square estimate is simply
the expected value of the rate parameter given any conditioning. Since
each of the diffraction 1imited fields of view is independent, the
output of the entire detector is a Poisson process with rate parameter
equal to the sum of the individual rate parameters. Thus, to the extent
that the off-axis scattering channel is weakly coherent, performance
analysis will require only the expected value of the received power

waveform from the propagation analysis.

To see that this is all reasonable, consider a not atypical

off-axis receiver with 10 cm diameter optics, 5° circular field of

R
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view (about 90 mR), and optical filter bandwidth of 1073 u (Bo)’ a
counting interval of 1 u sec, and operating at a wavelength of 1 micron.

The diffraction 1imited field of view is

A _ 1n-10

3 Q, = - 10719 sp
. d "

While the total field of view is

: a = 7(.09)% = .02 SR
E or about 108 diffraction Timited fields of view. The background power
ﬁ; per diffraction limited field of view is NBB0 where Np is the power
E density of the background noise. Since NB is typically on the order
g of 10723y u for atmospheric operation [9], the average number of
: background counts per diffraction limited field of view over the
counting internal (aNBBOT) is on the order of 10'12. Thus, this

receiver can operate with about 108 signal photon counts and still be
in the low photon coherence regime. For this receiver this corresponds

to about 10 n watts of signal power!

Fading Due to Turbulence

If the atmospheric scattering is primarily single scatter or
the off-axis receiver is not immersed in the scattering medium, one
must also consider the effects of atmospheric turbulence in the clear
atmosphere between the scattering volume and the receiver. Atmospheric
turbulence refers to the slight atmospheric refractive index fluctua-

tions due to uneven heating. Such refractive index fluctuations act
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as a random lens. When random lensing results in destructive inter-
ference in the receiver aperture, the random signal losses are known

as fading.

As shown in Figure 4, the scattering volume can be viewed as
a distributed incoherent source localized to a plane parallel to the
receiver aperture. This effective transmitter s located a distance L
from the receiver. Light emitted from points in this plane separated
by a distance greater than the transmitter coherence distance, c; ,
will pass through substantially different atmosphere and arrive at
the receiver with statistically independent random fading. One may
thus define a transmitter coherence cell with area (p;)%4 . As long
as the effective transmitter contains many (one hundred or more)
coherence cells, the effects of fading will tend to 'average out' over

the statistically independent channels.

In a similar manner, light arriving at points in the receiver
aperture separated by greater than the receiver coherence distance, CH
will have statistically independent fading. Thus, if there are many
receiver coherence cells each of area(po)2/4 in the receiver aperture,

the effects of fading will again be averaged out.

For a path with uniform turbulence

o = o =[1.09 (2z/3)2 ¢n? L7735

[}

2

where Cn° is the atmospheric structure constant [10].

In addition to either of the above effects, the receiver field

of view must be large enough to compensate for random angle of arrival
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variations caused by turbulence. Typically the angular spectrum of

turbulence is on the order of tenths of milliradians so this condition

will always be met for a receiver in a scattering environment.

Again assuming that the scattering volume approximately fills
the receiver field of view, the area of the effective transmitter may
be calculated from the receiver field of view and the distance to the
scattering volume. As o is typically on the order of centimeters to
meters, the complete transmitter aperture averaging condition will

almost always be met.

Heterodyne Receivers

Transmitter aperture averaging to ignore the effects of furbu1ence
relies on the receiver having a large field of view and the weakly
coherent channel assumption implies that a diffraction limited field of
view will not collect much power. Yet, heterodyne receivers are
restricted to extracting information from a diffraction limited field
of view by local oscillator laser mixing requirements. Heterodyne

reception thus seems impractical for off-axis receivers,

One could consider an array of heterodyne receivers each with
diffraction 1imited field of view arranged to make up a Targe field of
view. This has the added complication of deciding how to optimally
combine and process the individual detector outputs which is essentially
decided for us in a direct detection receiver. Seeking to avoid this

added complication as well as considering the practical difficulties

of building such an array, (on the order of 105 diffraction 1imited
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fields of view), this study was limited to direct detection receivers.

Having laid the groundwork for communication in off-axis

scattering channels, the next chapter will turn toward quantifying

the off-axis receiver performance for digital signaling.

[
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CHAPTER THREE
THE BHATTACHARYYA DISTANCE

The digital communication receiver will implement a decision rule
on the detector output to determine which of a finite number of waveforms
was most likely sent. In the real world there is always a probability
that the signal will be so noisy that the receiver will make a mistake in
decoding. The probability of error, Pr(e), may be obtained by integrating
the probability distribution of the received signal, given one knows
what was sent, over the region on the 'wrong' side of the decision rule.
In general exact expressions for Pr(e) are difficult to obtain. Often it
will be necessary to settle for bounds on the probabi1ity of error. In
this chapter the bound provided by the Bhattacharyya distance will be
explored. Binary one-shot communication will be considered. The waveform
for a single bit (binary one or zero) is sent and the receiver makes a

decision on a bit-by-bit basis.

Bound Provided by the Bhattacharyaa Distance

The Bhattacharyya distance is defined:

B=-tn/f, v PelH (XTH,) pélHFqu dx (3.1)

The underbar denotes a vector and ple.(ﬁjHi) is the probability
i

distribution of the vector x conditioned on hypothesis H,.

Kailath [11] has shown that for equally likely hypotheses the
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Bhattacharyya distance may be used to provide upper and lTower bounds on

the probability of error (independent of the underlying statistics).

-28

% e < Pr(e) < -8

e (3.2)

| —

Notice that the bound provided by the Bhattacharyya distance
does not involve the decision rule. Implicit in Kailath's derivation is
the use of a decision rule that minimizes the probability of error. Thus,
the bound based on the Bhattacharyya distance provides a bench mark
performance based on the shape and amplitude of the received signal. The
lower bound is the absolute best performance one might achieve given
the received power signal set. The upper bound is the worst one can do

assuming the receiver opiimally processes the detector output.

The bound provided by the Bhattacharyya distance is closely
related to the Chernoff bound and the Maximum Aposteriori decision rule
(MAP rule). The MAP rule is the minimum probability of error rule. It
can be shown that the Chernoff bound is the exponentially tidhtest
bound on the probability of error [12]. For equally likely hypotheses
the MAP rule reduces to the Maximum Likelihood decision rule. The

Tikelihood ratio

(3.3)

is evaluated at the received value of x. If L(x) is greater than one,

decide one was sent; if L(x) is less than one, decide zero was sent.

—.d
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Let y = an L(x). Assuming that both types of errors occur with

equal probability, the probability of error is the probability y is greater
than 0 given one knows zerowas sent. The Chernoff bound on this probability

is given by
Pr(e) = Pr(y>0H ) < 3 E [YH ] (3.4)

There is an optimal value of s for which the bound is minimized, though

the bound is valid for non-optimal values of s.

An alternative form of the Bhattacharyya distance is

5 = <o 1 /By (<IHg) Py (xIF)dx = -ar (L) 2 (3.5)

The upper bound provided by the Bhattacharyya distance may be written
1 -B_1
e B el n = ple /2 M)y (3.6)

Thus, the upper bound provided by the Bhattacharyya distance is the
Chernoff bound for the MAP decision rule evaluated at the possibly sub-

optimal value of s=1/2.

The Chernoff bound provides a tighter upper bound on the
probability of error than that provided by the Bhattacharyya distance.

However, the general and simple nature of the bound provided by the

) Bhattacharyya distance (no need to explicitly find the decision rule or

optimize on s) as well as the fact that it provides a lower bound make

the Bhattacharyya distance measure attractive for bench mark analysis.
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In the remainder of this chapter the Bhattacharyya distance for
the cases of Poisson processes, Gaussian processes, and Gaussian
processes with time varying variance will be developed. The latter will
be important when modeling the time varying shot noise as a Gaussian
process. It will be shown how the Bhattacharyya distance results may be
applied to a computer algorithm to calculate the probability of bit error
rate for optical communication systems. Finally, the Bhattacharyya
distance for twin channel processes will be developed. Such receivers
might be used in frequency shift keying systems, polarization modulation
systems or any system where predetection processing separates the

received field between two detectors.

Inhomogeneous Poisson Processes

For a Poisson process the probability distribution for the

unordered event times on an interval T is

@ 1 n T
p'l']”“'t'N,NIH(f]'“TN’N’H) 5 AT jzr A_i(rj)Exp[-fo Ai(t)dt]G(N-n)

(3.7)

where A,(t) is the rate function under the hypothesis that i is sent.

The Bhattacharyya distance between two Poisson processes may
be found by substituting in the definition for the Bhattacharyya
distance [Eq.(3.1})].
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= 5 J [o(t)-2/A TETRTEY + 3y(t) et
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B = 3 [ (/T8 - AT at

Gaussian Random Processes

The concept of the Bhattacharyya distance may be extended to
continuous time processes, of duration T, by considering - .ector of
time samples of the process and then taking the 1imit a: the number of
samples approaches infinity. Defining x as a vector of iLime samples of

the process x(t).
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x(ty) x(ts) = _),(st_m x(t)dt

and

[Rad
"

x(tN) s =T/N

The probability density for multivar te Gaussian random
variable is )

Exp[ - (x-m; )TA',ij( x-m;)/2]

Pxn, (X1 = (2m)V2aet'/2(4,) (3:9)

where Ai is the covariance matrix of x under hypothesis i and m, is the

mean of x under hypothesis i. Notice that

mi(ti)
. 1
ECx[H;] = | mg (t5) =€J‘(J ])Gm,l(t)dt
ms (ty)

where mi(t) is the mean of the'process under hypothesis i.

The Bhattacharyya distance between two continuous time Gaussian

processes is then

{EXD[-(_{-QO)TAj(i-mO)/Z]

B = -gn lim f:
(Zw)N/zdet1/2(Ao)

Nowo -
1/2

Expl-(x-m) 43 (x-my)/2]
dx

(21)V2det'/%(ny)
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e P Exp[-(gymo)TAo'](5:@0)/4]
= -gn lim |
Ve "o (2m) V72 det™A(a )

Exp[-(x-m) )TT\; (x-my)/4]

This may be rewitten as the convolution of Gaussian distributions

(2m)" oM det1/2(Ao)det]/2(A1)
= -an lim N/Z ]/4 1/4
Noo  (27) det (Ao) det (A])

b Exp[-(z:mo)T (2A0)'](5:mo)/2] ExP['(!ﬁ_J)T(ZA]iklfﬂh)/zj ]

= T2V get 2 (21 ) (20)VZ det X(2n)

(3.10)

-~

2N 20et} /4 (n ) et /4 (1))
B = -in ;12 det]/ziAo+A1)

Exp[-(mo-gh)T(Ao+A1)-](Eb-ﬁh)/4]

1f the time samples are statistically independent (white) and of
uniform variance A0=A]=021, where I is the identity matrix. Eq.(3.9)

may be simplified as follows:

N/2, . 1/2, 2 N

) M 2ge1/2,21) 2 2

B=-anl Exp(- (t;)-m(t;)]17/80"]

" e 2V 2get (c°1) xp[j£1[m° grm ey /8

B =L T [m (t)-m (1) 7%t (3.1

80

X

lininilien
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Gaussian Processes with Time Varying Variance

Consider now a Gaussian process that is still white but with a
variance that changes from time sample to time sample and under the

hypothesis. That is

2
oi(t1) 0 .
= - ol (t,) = l—f(‘]. 1)“01.2(1;) dt
2 J=1Je
0o o (tN)

The Bhattacharyya distance expression may be found by substituting

in Eq.(3.9)
y N N 1/2
2N 1 og(t) T oy (t)
B = -gn 1im |—i] J=
M RS CARCHE Y
N Im (t,)-m ()12
Exp[-A 023 ! 23 J
J.:] 4['70 (tJ)+G| (tJ)]
‘ 2 2 2
cpum § G +2n[?__(—l)_jc° (:‘)""1.“5’]
Moo 351 |20(g0(t5) + of(t4)] %ot 301t

(3.12)

1IT [mo(t)""1(t)]2 . [o:(t)#of(t)} "
ERFAILT RGO

Application to Optical Communication

The application to optical communication is now clear. The




£

N

4:{*...,_‘;»!’. L

P RV N

34

detector output for direct detection optical receivers in which shot
noise dominates is modeled as an Inhomogeneous Poisson process with
rate function Ai(t)=a(PSi(t)+PN) given i was sent. The received signal
power waveform given i was sent is PSi(t)’ Substituting in Eq.(3.7)

to evaluate the Bhattacharyya distance

B = Jz yoTa(/T’SO(t)wN - PS1(t)+PN)2 dt (3.13)

The detector output of thermal no.>> l1imited receivers is modeled
as a Gaussian random process with mean mi(t)=eGa[PSi(t)+PNJ and variance

N0/2. The Bhattacharyya distance is evaluated using £q.(3.10).

(eGa)z

6 = Gy [ [Pgglt)-Pg (£)2% at (3.14)

1f the receiver noise is a combination of shot, thermal or excess
noise the detector output will be modeled as a Poisson process, then

as a Gaussian process and the performance compared.

Modeling the excess noise and thermal noise as multiplicative
and additive increases, respectively, in the variance of the Poisson

process, the rate function is

NO/Z
Ai(t) = Fa(PSi(t)+PN) + z;a;z (3.15)

Notice that the thermal noise must be divided by the square of the

multiplicative gain to refer it back to the shot noise generation.

e
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Defining

P ———7N°/2 (3.76)
P, = Py + 3.16
NN Ea(et)

The rate function may be rewritten
A;(t) = FalPei(t) + Py] (3.17)

and the estimate of the Bhattacharyya distance evaluated using Eq.(3.7).

: - 2
8= 5 I al/ Py e0¥hy - g (613B)” at (3.18)

Modeling the shot and excess noise as an increase in the

variance of the thermal Gaussian process

m,(t) = eGa(Pg;(t) + Py) (3.19)

2 2
o;(t) = F(eG)" a(Pg;(t) + Py) + N /2

Again defining Py as in Eq.(3.15)

o5(t) = F(e6)? o (P, (t) + By) (3.20)

The Bhattacharyya distance is approximated using Eq.(3.11), the
Bhattacharyya distance for Gaussian processes with time varying

variance.

T A
1 | alPgo(t)-pgy ()T Pe, ()40, (t)42Py

B = = +4n
2FLPso(E)+Psy (2P 12y (g (£)4P, I[Py (£)4P,]

dt

0

(3.21)
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Once the Bhattacharyya distance between the recejved signal @iven

one was sent and the signal given zero was sent has been calculated, the

performance may be evaluated using the bounds provided by Eq.(3.2).

The received power waveforms given mark and space will usually
be supplied by a propagation computer program as sampled waveforms. It
is natural then to evaluate the integrals involving the received
power in Egs. (3.12), (3.13), (3.17), and (3.20) using a numerical
integration technique. Since the received waveforms will usually
be supplied as sample points rather than functional representations, one
is lTimited to numerical integration techniques such as Simpson's rule
or the trapazoid rule. The Appendix describes a FORTRAN computer
program subroutine that calculates bounds on the probability of hit

error based on the Bhattacharyya distance measure.

Twin Channel Receivers

Finally consider an optical communication receiver that employs
two detectors, each monitoring a different frequency, polarization or
spatial component of the received signal. Such a receiver will have
two random processes available to it in making a decision. The

processes, x(t) and y(t), will be statistically independent since the

noise mechanisms between the detectors can be assumed to be independent.

The Bhattacharyya distance is then




'

L. N A -:d.-‘«.a.lﬁ» w L e

B=-n[ [ fpi,lec)@llH;) p5,1|H1(5’UHp dxdy

= -gn J'_: J'_: [95|H0(5|H0) DUHO(HHO) .

1/2
pilH](ilHﬁ ple](leﬂ] dxdy

B = -an [ /By TXTRGT By TRIFY) x +

(3.23)

~on [ fpleo(leo) Pyl WTRT dx

Each term of the above expréssion may be evaluated using the
single channel resuits. One is even able to consider the case where ﬁ‘
one detector is shot noise limited and the other thermal noise |
limited. The performance analysis for twin channel receivers will

require four waveforms -- the power waveforms incident on each detector

under both hypotheses of what was sent. H
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CHAPTER FOUR
SUMMARY

The bound on the probability of error provided by the
Bhattacharyya distance is a general, yet relatively simple to
evaluate, measure of the performance of optical communication systems.
The Bhattacharyya distance is applicable to any intensity modulated
digital signaling format: On-off, pulse position modulation or phase
or frequency shifting of a sinusoidal intensity subcarrier. To the
extent that the propagation analysis models the distortion of the wave-
forms during propagation, the Bhattacharyya distance measure will
reflect performance degradation due to this. However, it should be noted
that as developed here the Bhattacharyya distance is only applicable
to the one shot communication problem. Thus, if the time dispersion
becomes significant enough that intersymbol interference results, the

Bhattacharyya distance will not account for the performance degradation.

The bench mark type performance measure that the bound provided
by the Bhattacharyya distance supplies is appropriate for interfacing
with a propagation analysis. By calculating upper and lower bounds on
the probability of error assuming optimal processing, the Bhattacharyya
distance provides a quick check on the performance that could be
achieved as the receiver location, link geometry or atmospheric
scattering parameters are changed. The receiver parameters are not
that crictical, and will often be used to specify the general type of

receiver one wishes to consider.
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Finally, though the Bhattacharyya distance results for twin

channel receivers were not explicitly implemented in computer code, at
such time as propagation programs that adequately model the propagation
of the various polarization or frequency components of the field become

available, the extension of the computer code to twin channel receivers

is straightforward.
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APPENDIX
PROBABILITY OF ERROR SUBROUTINE

The subroutine ERROR is a FORTRAN program to calculate upper
and lower bounds on the probability of bit error for any direct
detection optical communication receiver for which the power waveform
incident on the detector may be considered non-stochastic. The probabil-
ity of error bounds are implemented by means of the Bhattacharyya

distance measure.

The performance bounds are based on the received power wave-
forms given mark and space. Thus, the lower bound is the absolute best
performance one might possibly achieve given the received signal set.

The upper bound is the worst one will do assuming the receiver implements

the optimal decison rule on the detector output.

The inputs are passed to the program in labeled common. The
sampled received power waveform given mark and the received waveform ]
given space as well as the number of sample points and the bit duration
appear in the common WAVEFM. The number of samplepoints must be odd.
The pertinent receiver parameters are passed in the common RCVR. Or
it may be more convenient to insert the common blocks from the main
program that contain the necessary information. The labeled common

INTER passes data to the external Bhattacharyya distance functions.

The program returns as arguments the upper and lower bounds

on the probability of bit error and a flag indicating whether the




performance is (1) shot noise limited, (2) thermal noise limited, or

(3) a combination of skot and thermal noise. If the receiver noise is
a combination of shot and thermal or excess noise, both the performance
assuming a Poisson model and the performance assuming a Gaussian

model are returned for user comparison.

The Bhattacharyya distance integrals are evaluated using Simpson's
rule for integration. To the extent that the sample points adequately
represent the waveform in a piece-wise sense, Simpson's rule is

accurate enough.

Following is a flow chart and program listing of the subroutine
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Flow chart of subroutine ERROR




..;.ﬂ,-,-.k.‘£- . L e

PRV N

43
SUBROUTINE ERROR

as*nA/hc
Pn=Pg*Pp

CALCULATE !
AVERAGE
RECEIVED

POWER

THERMAL
NOISE 2 10 AVERAGE
SHOT NOISE ?

AVERAGE
SHOT NOISE 210
THERMAL NOISE ?

20
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NFLAG =2

CALL SIMP

2 7
(aeG) 2
8N <{(P_e,o(n - Pg, (1) dt

§e2B<Pr(elrueru<ze°

( RETURN )

NFLAG = |

v

; CALL SIMP
2
4 [ (rgtery s /rmen, Ve

| _-28 | o8
e <Pr(e)s|.|o'r<§e

( RETURN )




i ) NFLAG =3
{
]
o P ap. 4+N0/2

s
N N gF(eG)2

5 . CALL SIMP :
2 t
: B4 Ffalv/Pe (1) + Py = /Ry (11 +Py ) at |
: 0
,Z
.
;
1.
i
¢ je B <Prieigyor<ze® |
&

CALL SIMP
T

. 5. L [ (Pgo (1) - Pg, (1))2 . g
’Eof 2F (Pgo (1) + g, (1)1 + 2Py)

ln-( (Pgo(t)+ Pg, () + 2P, ]dt

e'za <Pr (Q)THERU < lz.-a 4

( RETURN )




Program listing of subroutine ERROR
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0
.

subroutine error(nflag,lobndi,upbnd?,
lobnd2,upbnd2)

CALCULATE PROBABILITY OF BIT ERROR

DUV IS DU

1 - SHOT NOISE LIMITED

2 - THERMAL NOISE LIMITED

3 - COMBINATION OF SHOT AND
THERMAL OR EXCESS NOISE

INTERNAL VARIABLES:

b ~ BHATTACHARAYYA DISTANCE
pnoise - EFFECTIVE NOISE POWER (W)
pave - AVERAGE RECEIVED POWER (W)
alpha - OPTICAL POWER TO AVERAGE

PHOTON COUNTS b
eg - PHOTON COUNTS TO CURRENT L

&
(]
[o]
(]
e INPUTS:
e ps0(i) - SAMPLED RCVD SIGNAL POWER B
c WAVEFORM GIVEN SPACE (W) ;
; e ps1(i) - SAMPLED RCVD SIGNAL POWER !
- c WAVEFORM GIVEN MARK (W) :
X c npts - NUMBER OF SAMPLED WAVEFORM 3
g c POINTS. NPTS MUST BE ODD.
c t - BIT TIME INTERVAL (8) :
N c eta - DETECTOR QUANTUM EFFICIENCY
| c g - DETECTOR GAIN
: ¢ £ - EXCESS NOISE . |
: ¢ lambda - OPTICAL WAVELENGTH (M) i
% c enzero - BILATERAL SPECTRAL DENSITY )
‘ c OF THERMAL NOISE (J)
~ ¢ pback - BACKGROUND POWER (W)
T ¢ pdark - EQV POWER THAT GIVES RISE
X c TO DARK CURRENT (W)
(o]
E c RETURN:
: c upbnd1 - SHOT NOISE LIMITED UPPER ;
c ~ BOUND ON PROBABILITY OF ERROR ’
! c lobnd1 - SHOT NOISE LIMITED LOWER
' c BOUND ON PROBABILITY OF ERROR
c upbnd2 - THERMAL NOISE LIMITED UPPER
¢ BOUND ON PROBABILITY OF ERROR
‘ c lobnd2 - THERMAL NOISE LIMITED LOWER
c BOUND ON PROBABRILITY OF ERROR
. c nflag - PERFORMANCE FLAG
C
(o]
[o}
C
c
(o]
[od
(o
o]
c
[]
(]
(o]

common / wavefm / npts,t,ps0(1000),ps1(1000)

common / revr / eta,g,f,enzero,pback,pdark,
& lambda

common / inter / pnoise,alpha,eg,fnoise
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external func1,func2,func3
real lambda,lobnd1,lobnd2

alphazeta¥*lambda/(2.998e8%6.626e=-34)
egz1.6e-19%g
fnoise=sf

pnoi sezpback+pdark

CALCULATE AVERAGE POWER
pavez=0.0

do 10 i=1,npts
pave=pave+ps1(i)+ps0(i)
continue
pave=0.5%pave/npts+pnoise

THERMAL NOISE LIMITED?

if (enzero/egh**2,gt.10.0%f*¥a3lpha¥*pave)

go to 40

EXCESS NOISE?

if (f.gt.1.0) go to 20

SHOT NQOISE LIMITED?

if (alpha#*pave.gt.10.0*%enzero/eg¥*¥*2)
go to 30

nflag=3
pnoise=pnoise+enzero/(alpha*eg*#2%f)
b=0.5%f*¥simp(func1)
upbnd1=0.5%exp(=b)
lobnd1=0.25%exp(=-2.0%Db)
b=0.5%*simp(func3)

upbnd2=).5%exp(-b)
lobnd2=0.25%exp(=-2.0%b)

return

nflag=1
b=0.5*simp(func?)
upbnd1=0.5%exp(=b)
lobnd1=0.25%exp(-2.0%b)
return

nflag=2
b=z=0.125%(alpha*eg)**2*simp(func2)/enzero
upbnd2=0.5%exp(~b)
lobnd2=0.25%exp(=-2.0%Db)
return

end
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funetion simp(funec)

SIMPSONS RULE INTEGRATION OF
FUNCTION FUNC

common / wavefm / npts,t,ps0(1000),ps1(1000)
double precision sum

sum=0.0

do 10 i=1,npts-2,2
term=func(i)+4*¥func(i+1)+func(i+2)
sum=sum+term

continue

simp=t¥*sum/(3¥(npts-1))

return

end

function func(i)
BHATACHARAYYA DISTANCE FUNCTIONS

common / wavefm / npts,t,p0(1000),p1(1000)
common / inter / pn,a,e,f

POISSON PROCESS

entry funci1(i)
func=a*(sqrt(p1(i)+pn)-sqrt(p0(i)+pn)) %¥*¥2
return

GAUSSIAN PROCESS
entry func2(i)
func=(p1(i)-p0(i)) *%2
return

GAUSSIAN PROCESS - TIME VARYING VARIANCE
entry func3(i)

func=za*(p1(i)~p0(i)) **2/
(2.0%f%(p1(i)+p0(i)+2.0%pn))+
alog((p1(i)+p0(i)+2.0%pn)/
(2.0%sqrt((p1(i)+pn)*(p0(i)+pn))))
return

end
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